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Data-Driven Control for Linear Discrete-Time
Delay Systems

Juan G. Rueda-Escobedo, Emilia Fridman and Johannes Schiffer

Abstract—The increasing ease of obtaining and pro-
cessing data together with the growth in system complex-
ity has sparked the interest in moving from conventional
model-based control design towards data-driven concepts.
Since in many engineering applications time delays natu-
rally arise and are often a source of instability, we con-
tribute to the data-driven control field by introducing data-
based formulas for state feedback control design in linear
discrete-time time-delay systems with uncertain delays.
With the proposed approach, the problems of system sta-
bilization as well as of guaranteed cost and H., control
design are treated in a unified manner. Extensions to de-
termine the system delays and to ensure robustness in the
event of noisy data are also provided.

Index Terms— Data-driven control, sampled data control,
delay systems, robust control.

[. INTRODUCTION

There is a growing stream of efforts for developing novel
control design methods that only rely on data, enabling a direct
control synthesis while avoiding intermediate steps, such as
system modeling or system identification [1], [2]. This trend
is driven by several factors. These comprise the increasing
ease of obtaining and processing data, which is facilitated by
modern computers and communication networks, the growth
in system complexity in many modern applications and the
desire of systematizing the control design.

Although this movement has its roots in computer sci-
ence [2], where, among other techniques, neural networks,
fuzzy systems, online optimization, learning methods, etc.,
are used for system control, the area of data-driven control
has recently shifted towards the development of controller
synthesis approaches, which are based on more conventional
control strategies. A main reason for this is the need of
rigorous guarantees on the system operation, in other words,
the need of robust controllers. With this premise in mind, there
has been a number of recent contributions in the area of linear
system control. The main idea is to assume an underlying
linear system to interpret the data and to develop data-driven
control formulas which leads to robust controllers by account-
ing for model mismatches, noise and disturbances. Recent
contributions comprise works on linear quadratic tracking [3],
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[4], dynamical feedback [5], predictive control [6]-[8], state-
feedback and optimal control [9]-[17] as well as extensions
to nonlinear discrete Volterra systems and subclasses thereof
[18], [19].

Among the most relevant robust control problems is the
stabilization of time-delay systems (TDSs). Time delays are
an ubiquitous phenomenon in many engineering applications,
such as biological and chemical systems as well as networked
control and sampled-data systems [20]-[22]. Yet in this impor-
tant direction, to date there are only few contributions from a
data-driven control perspective. One of these is [23], where
the authors extend the Virtual Reference Feedback Tuning
(VRFT) method to SISO linear discrete-time (LDT) TDS with
known input delay. The VRFT is combined with a data-based
Smith predictor to account for the effect of the delay. A similar
approach is presented in [24] for a SISO linear continuous-
time TDSs with unknown input delay. In the field of optimal
control for TDSs, a data-driven quadratic guaranteed cost
control for continuous time TDSs with known delay, but
unknown system matrices is proposed in [25]. Therein, the
system data is used to characterize the cost and to update the
control gains. In a similar direction, in [26], [27], the authors
propose a data-based adaptive dynamic programming method
for optimal and H, control design.

These recent advances motivate the work in the present
paper, which is focused on data-driven control design for
LDT-TDSs with state and input delays. Inspired by [13] and
[21], we provide data-driven formulas for the computation of
state feedback gains to achieve system stabilization as well
as for guaranteed cost and H., control design in a unified
manner. In contrast to the approaches in [23], [26], [27], the
proposed method addresses the case of uncertain and time-
varying delays. Furthermore, the impact of noise in the data
is analyzed and taken into account for the feedback design,
resulting in robust stability guarantees for the closed-loop
system. More precisely, the following contributions are made:

1) From input-state data and for known delays, we provide
data-based formulas to replace the system model by
the data itself. These formulas can be used for system
representation or for control design.

2) By using these data-based formulas, we provide data-
driven formulas for the design of state-feedback gains.
These formulas are given for three control problems:
stabilization, control with guaranteed cost, and for H .,
control. In all these cases, uncertain delays are consid-
ered.

3) The proposed approach is extended to the cases of un-

ublications_standards/

/
Authorized licensed use limited to: TEL AVIV UNIVERSIqI'Y. Downﬁ)aded on July 16,2021 at 09:%.&:58 UTC from IEEEPXpIore. Restrictions apply.

ublications/rights/index.html for more information.



0018-9286 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution re /]
Authorized licensed use limited to: TEL AVIV UNIVERSIqI'Y. Downﬁ)aded on July 16,2021 at 09:%.&:58 UTC from IEEE

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAC.2021.3096896, IEEE

Transactions on Automatic Control

2

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. XX, NO. XX, XXXX 2020

known delays and data corrupted by noise. In particular,
we provide an algorithm to determine the system delays
from disturbed data, and we robustify the data-driven
formulas to account for the impact of noise.

The organization of the paper is as follows. In Section II the
addressed system is described and the main goals of the paper
are outlined. In Section III, a data-based representation for
linear discrete-time time-delay systems is introduced. By using
the results of Section III, in Section IV data-based formulas
for control design are given. The formulas address three
basic control problems: stabilization, control with guaranteed
cost, and H, control. In Section V we investigate the effect
of uncertainties in the data. The application of the control
formulas is illustrated with a numerical example in Section VI.
In Section VII some concluding remarks are given. Finally, the
proofs of all the claims are given in the Appendix.

A. Notation

The set of integer numbers is denoted by Z and R represents
the set of real numbers. Let F be either Z or R. Then F+
(F>0) denotes the set of all elements of I greater than (or equal
to) zero. The identity matrix of order n € Z( is denoted by
I,. For A € R"*" A > 0 means that A is symmetric positive
definite. The elements below the diagonal of a symmetric
matrix are denoted by *. Given a matrix A € R"*™, Af
denotes its Moore-Penrose inverse. If A has full-row rank, we
have AAT = I,, with

At = AT (A4T) 7"

For v € R™, ||v||2 = VvTv denotes the Euclidean norm of
v. For A € R™*", || All2 = maxj,|,=1 [[Av|2 with v € R"
denotes the induced Euclidean norm of A.

Given a signal z : Z — R"™ and two integers k and r, where
r >k, we define zj, .1 := {2(k), 2(k +1),---,z(r)}. Given
a signal z and a positive integer 7', we define

Zyy=Zygy = [2(0) 26+1)--- z(T+i-1)]. (L1)

Finally, given signals x(k) € R™ and h(k) € Z>( for k € Z,
we introduce the short hand z,(;y (k) := z(k — h(k)). If h is
independent of k, then x, (k) := x(k — h).

[I. CONSIDERED CLASS OF SYSTEMS AND OBJECTIVES
The following LDT-TDS is considered in this paper:

{E(k + 1) = Aol’(/ﬂ) + Alxhl(k)(k) + BUhQ(k)(k),

with k € Zsq, state vector z(k) € R™ and input u(k) €
R™. Furthermore, hi(k) and hy(k), where hy(k) € Z>o and
he(k) € Z>o, represent uncertain, bounded delays with upper
bound h > h;(k) fori = {1,2} and all k € Zx(. With respect
to the system’s initial condition and past inputs we assume
z(j) = ¢; € R™ and u(j) = 0 for j € ZN[—h,0].

The main objective of this paper is to design state feed-
back controllers directly from input-state data that stabilize
the system (II.1) in the presence of - possibly uncertain -
delays hi(k) and ho(k). The analysis is conducted under the
following assumptions on the system (II.1).

(L1)
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Assumption 11.1.

1) The system matrices Ay, A; and B are constant but
unknown.

2) An upper bound h € Z- for the input and state delay
hi(k) and ho(k), respectively, is known.

3) Input and state sequences u[_p, p) and x[_j, 7| are avail-
able, where T' € Z-o with T' > h is the number
of recorded samples and the delays h; and ho were
constant during the time window in which the data was
recorded.

Assumption II.1.1 and Assumption II.1.2 are standard. As-
sumption II.1.3 can be contextualized as follows. Consider
a scenario in which the recorded data is produced in a
controlled experiment where the state and input delays are
constant. However, during the system operation, the delays
might change. Another scenario in which Assumption I1.1.3 is
reasonable is in networked control. Suppose that for generating
the data the system is operated in open-loop and that the
input delay remains constant. Then the system state can
be recorded locally and transmitted later for its processing.
Hence, Assumption II.1.3 follows. However, when the system
is operated in closed-loop, the input delay becomes uncertain
(but bounded) due to the transmission of the state measurement
through the network [21, Sec. 7.8.1], [22, Sec. 3].

In the following, a data-based representation framework is
introduced for the system (II.1) under Assumption II.1. At
first, this is done for the case of known delays. By using
the resulting framework, three control designs are derived in
Section IV. These are stabilizing control, guaranteed cost con-
trol, and H,, control. In addition, in Section V the proposed
approach is extended to the case of unknown delays and noisy
data.

I1l. DATA-BASED SYSTEM REPRESENTATION OF LINEAR
DISCRETE-TIME TIME-DELAY SYSTEMS

In this section, we derive a data-based representation of the
system (IL.1) using the data provided by the sequences u|_j, 1)
and x_j, 7, see Assumption IL.1.3. To this end, we at first
assume that the delays hy and hs are known and constant. The
case of unknown delays is then treated in Section V. Under
these considerations, the system (II.1) can be rewritten as

Up,y (k)
zn, (k)
z(k)

z(k+1)=[B A A (1L.1)

To represent the system (III.1) solely by data, consider also the
matrices Uh2.j{\0} € RmxT, Xhl,{O} € RxT, X{o} € RmxT,
X{l} € R™** and

Uhm{o}
Xny {0}
X0y

e R(m+2n) ><T'

W := (II1.2)

Here, the matrices Uy, (03, Xn,,{0}> X{o} and Xy} are built
using the sequences corresponding to up,(k), zn, (k), (k)
and z(k + 1), respectively, in accordance with the definition
given in (I.1). We have the following result.
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Proposition III.1 (Open-Loop Data-Based Representation).
The system trajectories of (II.1) and the ones of the system

Uhy (k)
Thy (k)

a(k+1) = Xy Wy (IIL3)

are equivalent if and only if Wy given in (IIL.2) satisfies
rank(Wy) = m+2n. Furthermore, it holds that [B A; Ag] =
Xy Wi A"

The condition on the rank of Wy in Proposition III.1 is
equivalent to the requirement that the recorded data is rich
enough. Since this rank condition is necessary and sufficient,
it is analogous to [13, Eq. 6], but for LDT-TDSs of the form
(IIL.1). The rank condition rank(Wy) = m + 2n will appear
repeatedly along this note. From this rank condition it also
follows that a minimal requirement on the data length ¢ is
that £ > m + 2n + h (since the sequences up, (k), zn, (k),
x(k) and z(k + 1) are used to build Wy in (IIL.2)).

In a similar way, one can find a system representation in
closed-loop by using the recorded data. While Proposition III.1
represents an identification-like result, the following lemma
provides a system representation that can be used for control
design while avoiding the identification of the system matrices.

Lemma IIL.2 (Closed-Loop Data-Based Representation).
Consider the system (IIl.1) and assume a feedback control
of the form u(k) = Kz (k) with K € R™*™. The trajectories
of the closed-loop system

th(k)
w(k+1)=[BK A; Ao] | an, (k) (I11.4)

and the ones of the system

Lhy (k)
5C(k + 1) = X{l}GK Th, (]{i) s (IIL.5)
(k)
where G is a T X 3n matrix satisfying
K 0 0
0 I, 0] =WyGk, (I11.6)
0o o0 I,

are equivalent for every K if and only if rank(Wy) = m+2n
with Wy given in (II1.2). In particular, one has

w(k) = Upy (0)Grc [In 0 0] a(k). (I11.7)

\YAYAY

Note that Lemma III.2 not only provides a purely data-

based representation for the closed-loop system, but also for
the control input, and more importantly, for the feedback gain.
These characteristics are exploited in the next section for
controller synthesis.
Remark 111.3. By setting hy or ho in (IIL.1) to zero, respec-
tively, the following standard LDT-TDS can be described using
the same approach as in Proposition III.1:

[ (E(k + ].) = A()ZC(k) + Bu(k - hz),

o z(k+1)=Aox(k)+ Arz(k — h1) + Bu(k).
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Similarly, the case h = hy = hy > 0 can be addressed in this
manner. \YAYAY
Remark 111.4. By introducing the augmented state vector, see
(211,

T
Taug(k) = [xT(k) zT(k—1) T (k— hl)] ,

it is possible to obtain an augmented non-delayed system
dynamics corresponding to (III.1), namely

Taug(k + 1) = AggTaug(k) + Bawgu(k — h2),

II1.8
k€ Z>o0, wag(k) € RFDm (k) € R™, (e
with
Ay 0 Ay B
I, O 0 0
Awg= 1| . . . .| Bag=]|. (I1.9)
0 ... I, 0 0

In principle, this augmented dynamics could also be used to
derive a data-driven formula suitable for control design, e.g.
by using the results from [13]. However, this would require
that

rank {th,{o}] = (h1 +1)n+m.

aug,{0}

Clearly, this can be very demanding in the reasonable scenario
that A; > 0 and also seems unnecessary since only Ag
and Ay in Ay, and B in By, are unknown, see (IIL9). In
addition, practically meaningful scenarios in which the delay
becomes uncertain (and possibly time-varying) in closed-loop
cannot be addressed with the augmented dynamics, see also
the discussion below Assumption IL.1. \VAVAY)

Remark TILS5. In view of the representation (II1.9), Willems’
Lemma [28, Cor. 2] provides sufficient conditions for guar-
anteeing rank(Wy) = m + 2n with Wy as in (II1.2), i.e., the
controllability of the pair (Aaug, Baug) and the persistence of
excitation of order (h; + 1)n + 1 of the input sequence.
\YAYAY

IV. DATA-DRIVEN FORMULAS FOR CONTROLLING
LINEAR DISCRETE-TIME TIME-DELAY SYSTEMS

This section is dedicated to the derivation of data-based
controller synthesis formulas for the system (II.1) in the
presence of uncertain, time-varying, bounded input and state
delays hi(k) < h and ha(k) < h, respectively. The main
tool to achieve this goal is Lemma III.2 together with the
recorded data sequences u|_j, 71 and x|_j, 1. More precisely,

three goals are pursuit in this section for the system (IL.1):

1) Design of a feedback gain for system stabilization.

2) Design of a feedback gain, which ensures a prescribed
cost for the input and state trajectory.

3) Design of a feedback gain, which ensures a prescribed
Ly-gain of the system with respect to additive distur-
bances.

With regard to item 3), we note that in the present setting
the H,, control design is performed in the time domain
by using the Lo-gain, which we recall is defined as the

plore. Restrictions apply.
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maximum energy amplification ratio of the system [21]. Also,
as discussed in Section II, we account for the event that the
delays hq(k) and ho(k) may become uncertain during the
operation of the closed-loop system.

We start with the first item, i.e., system stabilization, which
not only is the simplest scenario, but also paves the path for
finding solutions to the other two items. Hence, formally the
first problem we address is the following.

Problem IV.1. Consider the system (IL.1) with given h > 0 an
upper bound for the input and state delays. Find a feedback
gain K, such that the origin of system (I1.1) with feedback
u(k) = Kx(k) is an asymptotically equilibrium point for all
uncertain delays hyi(k) € [0, h] and ha(k) € [0, h). VAVAY

In an analogous fashion to the non-delayed case [13], also in
the present delayed setting the matrix G'x in (IIL.5) plays the
role of a decision variable in a direct data-driven controller
synthesis. By exploiting this fact together with the closed-
loop data representation given in Lemma II1.2, we provide the
following solution to Problem IV.1.

Theorem IV.2 (Stabilization with Static State Feedback).
Consider the system (IL.1) and suppose that rank(Wy) =
m +2n with Wy as in (IIL2). Given a positive delay bound h
and a tuning parameter € > 0, let there exist n X n matrices
P>08>0 R >0, Sia withi ={1,2}, and T x n
matrices QQ1, Q2 and Q3 such that

® >0, (IV.1)
R; Sia;
[* 3 } >0, IV.2)
with ® given in (IV.5) on p. 5 and
Uhy,10yQ2 = Up, 03 @3 = 0,
X =X =0,
ha {01 @1 hi {0} @3 (IV3)
X10yQ1 = X(0yQ2 =0,
Xy {0yQ2 = X0} W3-
Choose the feedback gain as
-1
K= Uh2,{()}Q1(X{o}Q3) : (Iv.4)

Then for all delays hy(k) € [0,h] and ha(k) € [0,h] for all
k € Z>o, the origin of (11.1) in closed-loop with the control
u(k) = Kax(k) is asymptotically stable. VAYAY

Note that ® > 0 in (IV.5) implies that ®55 > 0, meaning
that X;0, @3 + Q;X{TO} > 0, ie., X{01Q3 is nonsingular.
To build the inequalities (IV.1) and (IV.2) only the recorded
data from the sequences x|_j, 7} and u|_j, 7 is needed. Once
the matrices (01, Q2 and (03 are found such that (IV.1), (IV.2)
and (IV.3) hold, the feedback gain K can be computed directly
from (IV.4). In this way, the process of identifying the system
matrices and the a posteriori controller design is combined
into a single direct data-driven synthesis step.

Differently from the non-delay case, see e.g., [13], in the
present setting the LMIs (IV.1) and (IV.2) are accompanied
by the equality constraints (IV.3). The reason for this lies in
the closed-loop representation (II.5) and in particular (IIL.6).
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To see this, consider the right hand-side of (III.6). Not only
the matrices in the main diagonal are needed to obtain (IIL.5),
but also the zeros, which gives rise to the equality constraints
(IV.3). This does not happen in the non-delay case since there
the closed-loop system is fully described by the single matrix
A + BK, while in the present case three separated matrices
are required.

Once a solution for Problem IV.1 is given, we can think
of including performance criteria in the controller design. For
linear systems, it is common to attempt the minimization of
the system trajectories and the control effort. This results in a
linear quadratic regulator (LQR) design. However, for systems
of the form (II.1) an optimal control gain does not exist due to
the uncertain delays [21, Sec. 6.2.3]. Instead, one can attempt
to find a feedback gain which guarantees a certain cost. This
yields the problem formulation below.

Problem IV.3. Consider the system (IL.1) with x(0) = z¢ and
x(k) = 0 for k < 0 with cost function

J=>z"(k)z(k), (IV.6)
=0
and performance output
Z(k) = le(k) + Lgxhl(k)(/{) + Duhz(k) (k), (IV7)

with z(k) € R? and constant matrices L; € R1*", Lo € R1*"
and D € R?*™, Given a cost 0 > 0, find a feedback gain K
that guarantees J < § for all uncertain delays hy(k) € [0, h]
and hy(k) € [0, ). YAYAY

The result provided in Theorem IV.2 can be extended to
address Problem IV.3 by including the effect of the cost § and
the functional J in the inequalities (IV.1) and (IV.2). By doing
s0, we obtain the following result.

Corollary IV4 (Guaranteed Cost Control). Consider the
system (IL.1) together with the considerations presented in
Problem IV.3. Suppose that rank(Wp) = m + 2n with Wy
as in (IIL2). Given a positive delay bound h, the cost § > 0
and a tuning parameter £ > 0, let there exist n X n matrices
P >0, 8>0 R; >0, S, withi={1,2}, and T xn
matrices QQ1, Q2 and Q3 such that

- & k'
\11_[ . _In}>0 (IV.8)
k= [L1X(0Q3 L2X(0yQ3 DUp, 03Q1 0 0],
R’i SlQi,
12,0] >
{ i } >0, (IV.9)

together with (IV.3) are satisfied with ® given in (IV.5), in
addition to

] —z4
5| > 0. V.10
[* X0y Qs + Q3 X[y + P} (IV.10)
Choose the feedback gain
K =Up, (0y@1 (X{O}QS) (IV.11)

Then for all delays hi(k) € [0,h] and hao(k) € [0,h] for
all k € Z>o, the origin of (IL.1) in closed-loop with the

plore. Restrictions apply.
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L Py D3 —S12,1 — S12,2 5 -
*  2R; — S121 — Sy, 0 —Ri+ 8121 —e(X1;Q2)
H — = S = = S T
® = * * 2Ry — 51272 — S;—Z? ?RQ -t 512’2_ —E(X{l}Ql) ) (IV.5)
* * * Ri+Ry+ S 70
* * * * Ps5
— — — — — — T — — —
Q=P -85+ (1-h*)(R+Ra) - X1yQs3 — (X{l}QS) , @12 = —Ry + S121 — X(13Q2,
= _ - = o, = = T
D13 = —Ry+ S122 — X(13Q1, P15 = h* (R + Ro) + X(0yQs — & (X(13Q3)
@55 =—-P- h2(R1 + RQ) + €(X{Q}Q3 + Q;Xa)})
control u(k) = Kx(k) is exponentially stable. Furthermore, satisfied.
this control ensures a guaranteed cost § for J given in (IV.6), - T
: = ¥ Ky
ie, J <. VAVAVS = [ } >0, (IV.14)
* n
Another way of 1ntr0d1.1(:1ng performa'nce criteria into Fhe Ky = [_ 7 X%l;) , DI 0 0 0 —eQf XEZ) . D] O] ’
control design is to consider external disturbances affecting o
the system and to impose restrictions to the response of the R; Sz >0 (IV.15)
system subject to these disturbances. For linear time invariant * R, |77 '

systems, this is usually done by minimizing the H,, norm
of the system. In the present setting, the H,, control design
is performed in the time domain by using the Ls-gain. The
resulting control problem is formalized as follows.

Problem IV.S. Consider the system (11.1) with an additive
disturbance w(k) € RP and feedback gain K, i.e.,

CL'(/C + 1) = Aoﬂ;‘(k‘) + A1$h1(k) (k)

+ BK.’Kh2(k) (k) + Dow(l{})7 (Iv.12)
together with the performance output

with z(k) € RY and constant matrices Ly € RI*"™, Ly €
RI*™ Do € R" P and D, € RY*™. Fix a constant v > 0.
For all uncertain delays hy(k) € [0,h] and hao(k) € [0,h],
find a feedback gain K such that, for w(k) = 0, the origin of
(IV.12) is an asymptotically stable equilibrium point and for
w(k) # 0, the system (IV.12) has an Lo-gain less than ~.

\YAYAY

As before, it is possible to give a solution to Problem IV.5 by
extending Theorem IV.2 and including the required conditions
in the data-based inequalities (IV.1) and (IV.2). The following
results is consistent with such approach.

Corollary IV.6 (Static H,, Control). Consider the system
(IV.12) together with the considerations given in Problem IV.5.
Suppose that rank(Wy) = m + 2n with Wy given in (II1.2).
Given positive constants h and ~ and the tuning parameter
€ > 0, suppose that there exists n X n. matrices P>0S>0,
R; > 0and Sia; > 0, for i = {1,2}, and T x n matrices Q1,
Q2 and Q3 such that the following data-based inequalities are
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together with (IV.3), and where ¥ is given in (IV.8). Choose
the feedback gain

K = Uy, {0y@1 (X{O}Qk%)il-

Then for all delays hi(k) € [0,h] and ho(k) € [0,h], the
origin of (IV.12) is an asymptotically stable equilibrium point
Sor w(k) = 0. Furthermore, for w(k) # 0 the system (IV.12)
has an La-gain less than . YAYAY

(Iv.16)

V. HANDLING UNKNOWN CONSTANT DELAYS AND NOISY
DATA

In this section we address the problems that the delays A
and ho of the system (II.1) are unknown and that the available
data is corrupted by noise. To this end, we assume that the
sequences z[_ 7 and u_j, ) can be expressed as the sum
of two sequences:

T g = a0 +:c§_— ,
[—h,T] [—h,T] [—h,T] V1)

YR = U h ) U?JL,T]’
where the superscript ‘nom’ denotes the sequence that cor-
responds to the dynamics (III.1), i.e., the nominal part of
the data, whereas the superscript ‘9’ denotes the sequence
corresponding to the measurement noise.

Hence, the objectives of this section are to provide formulas
for determining the delays h; and hy from the recorded
data and to robustify the design of the feedback gains from
Section IV with respect to additive noise.

A. Data-Based System Representations for Unknown
Constant Delays

By using the sequences u_j p and z_j ) as described
in (V.1), we can build the matrix Wy as in (IIL.2). Since the
construction of Wy is linear, it is possible to split it in two

plore. Restrictions apply.
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parts, one corresponding to the data generated by the system
(IIL.1), i.e. the nominal ("'nom’) data, and one to the noise, i.e.,
Wo = W3o™ + Wg. (V2)

However, W in (V.2) will not result in useful data for arbitrary
Wg . To study when Wy retains the system information, let
U e Rmt2m)x(m+2n) and vV e RT*T be orthonormal
matrices such that
Range(U) = Range(Wy), Range(V) = Range(W,) ).
Consider the factorization [29, Sec. 2]
Wo=U[Wg* o]VT,
we=U[wott wir v,
where Woll c R(77L+2n)><(m+2n), Wé,ll c R(m+27L)><(m+2n)
and W(f’u € R(m+20)xT By ysing the factorization (V.3),

we introduce the following assumptions related to the impact
of the noise.

(V.3)

Assumption V.1.
1) rank(Wp) = rank(W3°™) = m + 2n. )
2 [Wo LW, = IWer Lol (e ) ™, < 1.

Assumption V.1.1) implies that Wg does not modify the
rank of W™, whereas Assumption V.1.2) restricts the size
of the perturbation term W¢. The premises of Assumption V.1
ensure that Wy is an acute perturbation of Wj°™ [29], [30].

Now, in order to identify the system delays, consider the
matrices

Ui (o}
Xjfor |
X0}

for i = {0,1,---,h}, 5 = {0,1,--- ,h}, where U oy is
built with u(k — i), X; oy with 2(k — j), and h > 0 is the
upper bound for the delays. In the unperturbed case, i.e., for
x([S—B,T] = 0 and “?—E,T] = 0, one can verify the next rank
conditions in order to determine the system delays

oy ])
k i) = k( |[—2| | =m+2n, (V5
ran ( 0,( J)) ran ([ X{1} m n, (V.5)

for all i and j in {0,1,--- ,h}. If for some pair (i*,j*) the
condition above holds, then one can take h; = j* and hy =
i* since X1y belongs to the row space of Wy (; j«. If for
two or more pairs (,7) the condition (V.5) holds, then it is
not possible to identify the delays from the recorded data.
However, in the perturbed case the condition (V.5) might never
hold due to the effect of the noise. Therefore, instead of (V.5),
we propose to use the orthogonal distance of X1y to the row

space of each Wéi“j) in order to determine the delays. This
yields the next proposition, for the presentation of which we
introduce the matrix

Xpy = XP0 + XY (V.6)

where X ?f}fn denotes the part of the data that corresponds to

Wo, i) = (V4)

the dynamics of (III.1) and X 51 denotes the part correspond-
ing to the noise. In addition, we define the orthogonal distance

da) (X ) = || Xy (Ir = Wosin) Wosin) |-
(V.7)
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and the function 9 : R>9 — Rxq

P(o) =

? (V.8)

14022
In addition, upper bounds for the noisy matrices are required.
These are represented by the positive, data-dependent con-

stants rys , 7611 and r 512 satisfyin
X{l}’ W WO,(i,j) ymng

0,(4,7)
X030, < s o IWor2lly < rpsse

0,(4,3)
(V.9)
HWg;(li%j)HZHWJ,(i,j)H2 < Twe il ||WOT,(i,j)H2 <1

with X f{sl} and Wg,( ;.j) @ in (V.6) and (V.2), respectively, and

»J
Wg’(lilj) and W22 as in (V.3). Clearly, 7,511 exists for
Y 0,(4,j

0,(6,4) )
any data set consistent with Assumption V.1.2).

Proposition V.2 (Data-Based System Representations for Un-
known Delays). Consider the system (I1.1) with corresponding
perturbed data sequences x(_j, 1 and w_j, ) as introduced
in (V.1). Let h > 0 be the upper bound for the constant
but unknown state and input delays hy € Z>o and hy €
Z>o. Build the matrices Wy (; j) as in (V.4) for i and j in
{0,1,--- ,h}, and suppose that, for all i and j, Assumption
V.1 holds for each of the matrices Wy (; ;) and the respective
perturbation Wg,( i) Furthermore, suppose that the constants

and 7,512 ) defined in (V.9) are known.

TX(S R Twa,u o

{1} 0,(4,7)
Recall the orthogonal distance d;» j+ (X{l}) given in (V.7)
and the function v(-) defined in (V.8). If

diie o) (Xqy) <rag, + (Xl +rx, ) -9 (07)

(V.10)
where
, wih ’
* _ " (;S,(lf*,j*) ‘ 0,(i*,5*) 9 (Vl])
_ Il ’ :
L= ‘Wo,(i*,j*) ‘2

for only one pair (i*,j*), then hy = j* and hy = i*.
Moreover, the corresponding open- and closed-loop data-
based representations are obtained via Proposition I1I.1 and
Lemma II1.2, respectively, by using the matrices U (oy,
Xj» [0y together with X oy and X{(13.

If condition (V.10) holds for two or more pairs (i, j), then
the delays are not decidable from the available data. VvV

Proposition V.2 provides a tool for deriving data-based
system representations for unknown delays, even in the pres-
ence of noise. In addition, the delays themselves are also
determined.

In general, (h+1)? evaluations of (V.10) are required. This
number reduces to h + 1 if, for example, h; = ho or if
one of the delays is known. Furthermore, the same idea can
be used to identify time-dependent delays. However, in such
case, (h + 1)7 evaluations are required, which might not be
computationally feasible.

B. Stabilization with Noisy Data

Now we proceed to analyze the impact of noisy data on the
controller synthesis formulas derived in Section IV. The main

plore. Restrictions apply.
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objective is to extend the result of Theorem IV.2 to incorporate
a criterion to ensure closed-loop stability of the system (II.1)
even when the feedback gain K is computed with corrupted
data. In order to account for the impact of the noise in the
data, consider the following matrix

Ay =[B Ay A W§ — X (V.12)
The quantity ||Ap;]|2 is a measurement of how far the noise is
from being a system trajectory. If the noise would correspond
to a system trajectory, then it would not affect any of the
calculations; though in such case it might not be classified
as noise. Therefore, it is logical that only A(; has an impact
on the computation of K. By using this measurement of the
noise, it is possible to account for it in the feedback design.
This approach yields the next result.

Theorem V.3 (Stabilization with Noisy Data). Consider the
premises of Theorem IV.2. Let the recorded data be corrupted
by noise as in (V.1). Suppose that A in (V.12) is bounded
as [|Apll2 < o, with o > 0 known. Given a positive delay
bound h and a tuning parameter € > (0, let there exist n X n
matrices P >0, § > 0, R; > 0, S12, withi={1,2}, T xn
matrices Q1, Q2, Q3, and \ > 0, such that

® — o?\I; Q' }
on >0, V.13
[ Q A5t (V.13)
Ri Sia
{* R } >0, (V.14)
together with (IV.3) hold, where ® is given in (IV.5) and
Q3 @2 @1 0 0
0 0 0 0 0
Q=1|0 0 0 0 0 (V.15)
0 0 0 0 0
eQs €Q2 €1 0 0
Choose the feedback gain
-1
K= Uhg,{o}Q1<X{0}Q3) : (V.16)

Then for all delays hy(k) € [0,h] and ha(k) € [0, h] for all
k € Z>o, the origin of (IL.1) in closed-loop is asymptotically
stable. \VAVAY,

For a = 0, i.e., in the noise free case, the inequality (V.13)
reduces to the one in (IV.1). As in (V.13), the inequalities
(IV.8) and (IV.14) can be extended to account for data cor-
rupted by noise. Therefore, from Theorem IV.2 analogous
corollaries to Corollary IV.4 and Corollary IV.6 can be derived
in a straightforward manner. Hence, their explicit presentation
is omitted.

VI. NUMERICAL EXAMPLE: UNSTABLE BATCH REACTOR

To exemplify the proposed method, we consider the unstable
linearized batch reactor in [31, pp. 63] controlled through a
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TABLE |
COMPUTED VALUES OF THE DISTANCE d(i’j)(X{l}) GIVEN IN (V.7)
FOR THE DIFFERENT VALUES OF 2, WITH 7 = O AND T" = 10, IN THE
ABSENCE OF NOISE WITH THE DATA RECORDED FROM THE SYSTEM

(VL1).
i 0 1 2
dao(Xq1y) 6.85x 1074 244 x 1073 3.92x 10~4
i 3 4 5
diio)(Xqy) || 275 x 10710 2.76 x 107®  6.83 x 1073
i 6 7 8
diio)(Xqay) || 388x107%  1.97x 1072 1.06 x 1072

network, and described by the dynamics
1.38 —-0.20 6.71 —5.67
. —0.58 —4.29 0 0.67
=106 427 —6.65 589 |° "
0.04  4.27 1.34  —2.10
(VLD
0 0
5.67 0
g —g1a| WE D)
1.13 0

The input to the system is generated using a zero-order hold
(ZOH) with a sampling time of 10 [ms]. This sampling time
is taken as the base time. Additionally, a constant input
delay he = 3 (30 [ms]) is introduced in the system (VIL.1).
Furthermore, we assume a maximum delay length of h = 8.
We consider that the plant has been in operation for a certain
time using the PI-control given in [31]. In the context of the
present paper, it is assumed that this controller implementation
is based on expertise rather than on a model. Furthermore, the
plant operation point is assumed known and corresponds to

Top = [24.35 14 4878 63.13]

(V1.2)
Uop = [5.565  44.36] " .

The overall objective is to stabilize the system around (VL.2).

A. Scenario 1: Noise-Free Data and Unknown Delay

For generating the input-state data, and to characterize the
system (VL1), we feed the reference vt = [10 14]T in
combination with the excitation signal e (t) defined below
to the PI-control already available in the plant [31].

_ |10sin(77t) — 5sin(117¢)

Uexc(t) = 8sin(9mt) — 6sin(13mt) |

The resulting excitation signal is shown in Figure 1. For the
control design, we assume hy constant, but unknown, and
given the physical background of the system (VI.1), we have
hy =0.

As first step, we seek to investigate the value of ho in
the range {0,1,---,h}. Note that for T = m + n, which
yields a square Wy, the distance d(; ;)(X(1;) defined in (V.7)
is always zero since I,4.,, — V[/'OV(/'O_1 = 0. Therefore, we
choose ' = 10 > n + m. We identify the length of ho
using the result of Proposition V.2. For the noise free case

plore. Restrictions apply.
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(rxal = Tppan = Typsaz = 0), the criterion given in (V.10)
reads as d(; j)(X{1}) < 0. The resulting values for the distance
d(i,jy(X1y) for the different values of i, with j = 0 (since
hy = 0) and T' = 10, are shown in Table I. From Table I,
the input delay can be clearly determined as ho = 3 since the
distance d3 o) (X {1}) is practically zero and its value is due
to numerical errors.

Now that hy has been determined, the matrices X oy, X{1y
and Uy, [0y can be built. To illustrate the application of the
data-driven controller synthesis from Section IV, we consider
the stabilization of the system (VI.1) at the operational point
(V1.2). We assume that the network-induced delay takes values
in the set {0,1,---,5}, whereas the input delay remains
constant at ho = 3. This satisfies the delay upper bound h = 8,
which is used in the formulas provided in Theorem IV.2. By
using the data-based matrices Xy, X1} and Up, 0y, and
following Theorem IV.2, we solve (IV.1), (IV.2) and (IV.3)
with Ry = S13 = 0 and Q, = 0 using CVX' [33]. For this,
we used € = 3. This yields the following feedback gain:

K:[0.813 —0.282 0.115 —1.121].

2.255 —0.549 1.894 —1.226 (VL3)

To compare our result with a model-based approach, we
also computed a stabilizing gain following [21, Chap. 6] by
discretizing the batch reactor model in (VI.1) with the given
base time of 10 [ms]. By using the given delay upper bound

h = 8 and with € = 3, we obtained the controller gain

o _ [0.338 0511 —0.081 —0.626
MB = 19117 0.034 1512 —0.914

We simulate the stabilization of the system (VI.1) around the
operational point (VL.2) for the two gains K and K/ in
(VL3) and (VIL.4), respectively. We used a network induced
delay that randomly changed in the proposed range, i.e.,
between zero and five. In Figure 2, the error norm between
the system state and x,, is shown. We can observe that both
controllers achieve the task in a similar time, under the same
circumstances. Finally, in Figure 3, the response of the system
(VL1) to the control process using K in (VL.3) is illustrated
for reference.

] . (V14

B. Scenario 2: Noisy Data and Unknown Delay

In order to evaluate the robustness of the proposed approach
under corrupted measurements, we add an uniform distributed
random signal §(k) to each measurement x(k) and wu(k)
of the system (VL1). The range of &(k) corresponds to
[1x 1074,1 x 107%]. As before, for the control design we
assume a constant and unknown input delay ho as well as
hy = 0, with the same delay upper bound h = 8. For this
section, and because we are dealing with data corrupted by

ICVX can parse LMIs with equality constraints and process them as a
semidefinite program. Therefore, including (IV.3) is straightforward in this
case. For noisy data, a numerically more robust approach consists in jointly
minimizing the norms ||Up, (0} Q2ll2, 1Un, {03 @3ll2, 1 X, {0} @1ll2.
1Xn,,10y@3ll2, 11 X(03Q1ll2: 1 X(0yQ2ll2, [ Xy, 03Q2 — X(0)Qsll2
subject to the LMIs (IV.1) and (IV.2), which is a convex problem. If needed,
the norm minimization can be transformed into a semidefinite program
following [32].
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noise, we set I' = 50. Now, in order to determine the input
delay, and following Proposition V.2, we need to estimate the
upper bounds

"Xty o W 2 HW3’12H2'
Since the noise follows a uniform distribution, it is bounded in
magnitude. We can find the required upper bounds by using the
Frobenius norm with the maximum value for each component:

X0l <107 Vn - T=141x10"3 = rys ,
{1} |y X

§
2 x|

5,11
T 2 HWO ’

0| <2070 ) =104

HWg’uHQ <1074/ (n +m)(T —m —n)
=1.62 x 107% = rypsaa.

We proceed to compute the distance d; ;)(X{1}) givenin (V.7)
and the criterion given in (V.10), but with noisy data. The
results are shown in Table II. In contrast to the noise-free
scenario in Section VI-A, the distance value for : = 3, i.e.,
the correct delay length, is not as close to zero as before. Still,
using the criterion derived in Proposition V.2, we can correctly
identify the input delay as hy = 3 since it is the only case in
which the criterion (V.10) is satisfied.

To guarantee a robust closed-loop performance despite the
presence of noise, we seek to employ Theorem V.3 for the
controller synthesis. Thus in order to proceed, we need to
estimate a bound for || A2 in (V.12). From (V.12), we have

laul, < IB Adll, [W3ll, + |[ X8,
Again, using a bound over the Frobenius norm, we obtain
W (m+n)-T=173x10"%  (VL5)

To estimate the norm of the system matrices we use the
relation

115 aolll, = | ovsen],
i
VAWl _ g,
L=y [Wo ll2
where the last step follows from the upper bound for

|(Wgom)T||, given in [30, Lem. 3.1]. Using (VL5) and (V1.6)
we obtain

H2 <107

< (Ilxell, +rxs,) (VL6)

18], < 0.191.

Thus we have [|Apll2 < a with a = 0.191. Now, we can
compute the feedback gain K using Theorem V.3 and CVX
[33], which for & = 0.251, e = 70 and A = 1.42 x 103 yields

o _ [0.736 —0.623 9.17 x 1072 —1.07
~ 1235 —7.99x 1073 1.70 —1.17|"
(VL7)

To test this new feedback gain, we use the same setting as
in Section VI-A, i.e., the stabilization around the operational
point x,, in (V1.2) with uncertain network induced delay. The
results of this simulation are presented in Figure 4. As can be
seen, despite K being computed using data corrupted by noise,
the stabilization is achieved. This demonstrates the robustness
of the proposed approach with respect to noisy data.
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TABLE Il [
COMPUTED VALUES OF THE DISTANCE d; jy (X {1}) GIVEN IN (V.7) L st ss st eos reos oot oot oot oo e a®)|,
AND THE UPPER BOUND GIVEN IN (V.10) FOR THE DIFFERENT VALUES 60" r - 'f?g; |
OF 4, WITHj = O AND T' = 50, WITH THE DATA RECORDED FROM THE - — —‘;— i T ELLLIIIIID .rvl(t)
SYSTEM (VI.1) CORRUPTED BY NOISE. T 40F 4; 4
3 0 i 2 N
di ) (Xq1y) 1.81 1.35 6.71 x 10~1 1
(V.10) 1.40 x 101 1.35x 10~'  1.30 x 10~
i 3 4 5 i
gy (X)) || 6881074 5.68 x 10~ 1.03 e 5 25 3
(V.10) 1.27x 101 1.29x10°! 1.36x 10! t[s]
i 6 7 8
Fig. 4. Response of the batch reactor in (VI.1) to the stabilization
i) (Xq1y) 1.40 B 1.69 o 2.14 . process around the operational point xep in (VI.2) using K in (V1.7)
(V.10) 1.56 x 10 1.81 x 10 1.50 x 10 computed with noisy data.

O  Model-based gain [21]| |
Data-based gain

2 25 3 35 4
t[s]

Fig. 2. Norm of the error between the state of the batch reactor (VI.1)
and the operational point xop in (VL.2) for the control gain K in (VL3)
computed using data and the gain Ky in (VI.4) computed following
[21, Chap. 6].

80 T T T T T
‘:.- g, . — — — Ty
I S, z1(t)
ey s i - B et I
or  ; (1)
L _"_!‘ ......................... z4(t)
= T
T 40 U 1
I AR
. \ 4
20 g N L
O AT e e
©
0 s s s s s
0 0.5 1 1.5 2 25 3
t [s]
Fig. 3.  Response of the batch reactor in (VL1) to the stabilization

process around the operational point xop in (V1.2) using K in (VL3).
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VIl. CONCLUSIONS

In this work we have presented a method for designing
robust controllers for LTD-TDSs relying exclusively on input-
state data recorded from the system, i.e., avoiding the system
modeling. We have provided explicit data-dependent formulas
to compute state feedback gains for stabilization, guaranteed
cost control and H, control. By accounting on possible noise
and unknown constant delays in the recorded data, the method
ensures closed-loop stability of the system with the computed
gain even under such circumstances.

Differently from other methods based on data [13], [16],
we have investigated robustness against uncertain delays. The
proposed design approach provides stability guarantees on the
closed-loop system through a robust control design. Further-
more, the amount of data required for the control design is
relatively small as is shown in the numerical example.

Future work will be geared towards the implementation and
experimental validation of the reported results in real-world
applications, such as traffic control or power systems opera-
tion. Likewise, we plan to investigate extensions to nonlinear
systems, possibly by incorporating prior system knowledge as
recently proposed in [17].

APPENDIX

Proof of Proposition I1I.1. The matrices Ay, A; and B of the
system (IL.1) are related through data by

Xpy=1[B A1 A W (A.6)

Sufficiency: Since by assumption Wy has full-row rank, we
obtain from (A.6) that

[B A Ag] = Xy Wg. (A7)

Using (A.7) in (III.1) yields (II.3).

Necessity: If rank(Wy) < m+ 2n, then (A.6) together with
the Rouché-Capelli theorem [34] implies that the matrices Ay,
Aj and B of the system (II.1) cannot be determined univocally.

Therefore, the condition rank(Wy) = m + 2n is necessary

and sufficient to represent the open-loop system through data.
0od

:58 UTC from IEEE Xplore. Restrictions apply.
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Ri + Ry —Rq + S12,1 —Ry + S12,2 —S12,1 — S122 0
* 2R, — 512}1 — SE,I 0 —Ri + 512)1 0
b, = * * 2Ry — 512,2 — SF2,2 —Ry + 512,2 0 (A.1)
* * * R+ R, 0
* * * * 0
[ 0 I, 07\ "
Py P X1)Gk |In| P X1Gk |0 0 =P+ [ P/X(13Gk |0
0 I,
0]
* 0 0 0 P?:rX{l}GK In
Oy = 0 ; (A2)
:I = T
* * 0 0 P3TX{1}GK 0
_0_
* * * 0 0
| * * * * — (P3 + P3T) ]
0 07\ "

Proof of Lemma II1.2. The closed-loop system (III.4) can be
rewritten as

K 0 0 .Thz(k)
z(k+1)=[B Ay A |0 I, 0] |zs(k)
0 0 I, x(k)
Sufficiency: Since by assumption rank(WWy) = m + 2n, one
has that
K 0 0
rank 0 I, O Wo = rank(Wy).
0 o0 I,

Thus, by the Rouché-Capelli theorem [34], there exists a T x
3n matrix G g, such that (III.6) holds. Therefore,

K 0 0
(B A1 A |0 I, 0|=[B A A WGy
0 0 I,

= X1,Gk,

where the relation (A.6) has been used.

Necessity: If rank(Wy) < m + 2n, then by the Rouché-
Capelli theorem [34], not for any matrix diag(K, I,, I,,) there
is a matrix G that satisfies (II1.6).

This proves the main claim of Lemma III.2. The explicit
formula for K in (II1.7) is obtained from (II1.6) by considering
the definition of Wy in (IIL.2). ood

Proof of Theorem IV.2. Inspired by the procedure of [21,
Sec. 6.1.3.2], we propose the following Lyapunov-Krasovskii
functional

V(k) = Vp(k) + Vs (k) + > Vri(k), (A.8)

0018-9286 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution reqll_lires IEEE
Authorized licensed use limited to: TEL AVIV UNIVERSI

+ PQTX{l}GK 0

n

with

k—1
Vs(k) = z' (§)Sz(j),
j=k—h
—1 k—1
Vei(k)=h Y > g ()R,

m=—h j=k+m
3) =2 +1) - 2(j),
where P > 0,5 > 0, R; > 0, with ¢ = {1, 2}, are nxn matrix
variables. We are interested in computing V(k + 1) — V (k),
which can be done by taking the difference of each of its

components. By direct calculation, the following difference
equations are obtained:

Vp(k+1) = Vp(k) =2 (k+ 1)Px(k +1) — 2" (k)Pz(k),
Vs(k+1) = Vs(k) =2 (
Vri(k+1) — Vri(k) = R*5 " (

4|

>
N
=
<
I~
By

= —

—h v (H)Ry().

The summation term in Vg ;(k + 1) — Vg ;(k) is rewritten as

—

AR NOLEC)

j=k—h

h g (j)R:y(j) +

k—1—h; (k)
j=k—h Jj=k—hi(k)

Jj=k
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[ 11 @19 D3 —S5121 — S22 D5 T
_O_ T
* 2R, — 51271 — S;E)l 0 —Ri + 512,1 — P?:rX{l}GK I,
0
o= AR (A.3)
* * 2R2 — 512,2 - S;r212 —R2 + 51272 — P;—X{l}GK 0
0
* * * Ri+ R+ S 0 -
| % * * * D55 J
i 0 07\’
Py =P—S+(1-h)(Ri+Ry)— P X1}Gk | 0| — | P/ X(1,Gk | 0 ,
0 i3
®1y=—Ry+ S121 — Py X(1)Gx |[In|, P13 =—Ry+ 58122 — P) X(13Gk | 0|,
0 0
—_ 0 T —_ _
P15 =h*(R1 + Re) + P — | Py X(1,Gk | 0 , &5 = —P — h2(Ry + Ro) + (Ps + Py ).
I,
[ &1 GRP D3 *512,1 - 5'12,2 P15 1
_0_ T
* 2R1 - 5‘12,1 - SIQ,l 0 —Rl + S12,1 - EX{l}GK 1, pg
0
b — AR , (A4
* * 2R2 — 51272 — SITQQ _RQ + 51272 — EX{l}GK 0 ]52
0
* * * Rl + RQ + S o 9 S ~ ~
L x * * * —P—hz(R1+R2)+E(P2+P2) i
— — — — — — 0 — 0_ —
b4 :P—S+(1—h2)(R1+R2)—X{1}GK 0| P, — X{l}GK 01 P ,
B - B o B B 1, -
Do =R+ 5121 — X(1)Gk |In| P2, P13=—Ra+ 5122 — X(13Gk | 0| Py,
0 0
D5 :hz(R1+R2)+P2_€ X{l}GK 0] Py
ITL
[ 0 07\ " 0 I, 0T\ "]
PQTA[]GK 0|+ PQTA[,]GK 0 PQTAHGK 1, PQTAHGK 0 0 €P2TA[,]GK 0
1, 1, 0 0 1,
:O T
~ * 0 0 0 EPQTA[.]GK In
Dy = 0
:I T
* * 0 0 EPQTA[.]GK 0
| 0
* * * 0 0
I * * * * 0 ]
(A.S5)
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By applying Jensen’s inequality twice [21, Sec. 6.1.3.2], one

obtains
k—1—h;(K)
h 7" () Ry(j) >
j=k—h
h— ];l(k) [,y (F) — 2, (B)] Ri [2h, 0y (k) — 25(K)]
k-l
ey 9 GRgG) >
j=h—hi(k)
hz}(Lk) [2(k) = a0y (K)] Ry [ (k) = oy (B)]

Furthermore, by invoking the reciprocally convex approach
[21, Lem. 3.4] one has

k—1
h g () Rig(j) >
]:kjfz
i 0o = 7 0] B () — ()
+ hj(lk) [a:(k) - xhi(’f)(k)]T R; [az(k) - xhi(k)(k})} 2

[ z(k) — zp, ) (k) ]T [Ri

512,1} [x(k) — T, (k) (K
Th, k) (k) — 25, (k) xR

T, (k) (k) — 25 (K)]
(A.9)

for any Si2,; € R™*™ satisfying

|:Ri 512,1}

N R, > 0.

Consider the short-hand

XTR) = [T (k) @, gy (), 2y (), (k)T (k1) -
(A.10)

Then, by using (A.9) and (A.10) we obtain

Z Vi,i(k+1) = Vri(k) < ?g" (k) (R1 + Ra)g(k)
—x " (k)®1x(k),

(A.11)

where ®; is given in (A.1).
Now, consider (III.5) and (II1.6) in Lemma III.2. From them
it follows that

BK = X(1)Gk [I, 0 0
A = X11)Gk [0 I, 0

}T
1" (A.12)
}T
subject to

0=UpoyGx [0 I, 0]" =Up 3G [0 0 1,7
0=Xn (G [In 0 0]" =X, Gk [0 0 L],

0=XGx [, 0 0" =XGx[0 I, 0.
(A.13)

)

Now, combining the descriptor method [21, Sec. 3.5.2] with
the data-based representation of the system matrices in (A.12),
we obtain

0=2[zT ()P +27(k+ )P]] x
X [X{l}GK {x;(k)(k‘), le(k)(t),xT(k)} T z(k + 1)}

= 2z (k)P x(k+1) —2z" (k+ )Py x(k +1)
+2(z" (k)P +a (k+1)Py ) X{1;Gr x

I, 0 0
X 0 l'hg(k)(k) =+ In xhl(k)(k) —+ 0 x(k) s
0 0 .

where P, € R™ "™ and P; € R™ ™ are matrix variables.
By using the short-hand (A.10), we can rewrite (A.14) as the
quadratic form

0=x"(k)®ax(k),
with &5 given in (A.2).

Now, retaking the calculation V' (k + 1) — V (k), by consid-
ering (A.11), (A.15), and adding ®; and ®, we obtain

V(k+1) = V(k) < —x" (k)@ x(k),

where ® is given in (A.3).

By recalling that both G and K are design parameters, an
inspection of ® in (A.3) reveals that it contains nonlinear terms
in the decision variables. In order to reformulate ® as an LMI,
we follow the standard approach in control design of TDSs via
the descriptor method, see [21, Chapter 6]. Since ® > 0 in
(A.3) implies that ®55 > 0, we have Ps + P; > (0, meaning
that Pj is invertible. We choose P3 = e P,, where ¢ > 0 is a
scalar tuning parameter. Then, we define P, = P2_1 and the
matrices

P=DP) PP,  R;=P]RP,,
S =P, SP,, Sia,; = Py S12,:Ps.
Consider the congruent transformation ® = P T ®P, with

P:diag(an P27 p27p23 pZ)

(A.15)

(A.16)

(A.17)

The resulting matrix ® is given in (A.4), which is linear in
all decision variables. Now, inspired by [13], we introduce the
auxiliary matrix variables

1, 0 0
Qi=Gr |0 | P, Q2=Gg |[I,| P»,Q3=Gk | 0| Ps.
O O I7l

By considering (II1.2) and the restriction (IIL.6), it holds that
KPy =Up, 10yGk | 0| P2 = Up, (0y@1,
0
— O —
Py = Xp, (0yGk |In| P2 = Xp, {0y @2,
0
— O —
Py = X(01Gk | 0 | P = X{0,Qs.

n

(A.19)
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Replacing the previous definitions in ® in (A.4) yields the
matrix ® in (IV.5) and the data-based set of inequalities (IV.1)
and (IV.2). The equality restrictions (IV.3) follow from (A.13)
and the definitions (A.18) and (A.19). The control gain K is
obtained from (A.19) and is given in (IV.4). Then, if the above-
mentioned inequalities hold, we have V (k+1)—V (k) < 0. By
invoking [21, Thm. 6.1], the assertions of the theorem follow.
(|

Proof of Corollary 1V4. Consider the Lyapunov-Krasovskii
functional given in (A.8) and the short-hand introduced in
(A.10). From (A.16) together with the performance output
z(k) given in (IV.7), we have

V(k+1) = V(k)+ 2" (k)2(k) < =X (k)¥X(k),

where X' (k) = [x ' (k), 2" (k)] and

(A.20)
k=[Li Ly DK 0 0].

The matrix ® is given in (A.3). Consider once more the
matrices introduced in (A.17). As before, in order to obtain
an LMI, we perform a congruent transformation. Define the
block-diagonal matrix P

P= diag(Pg,pg,Pg,P2,]52,In).

Using P, we define the congruent matrix ¥ = P T WP, and,
by considering the substitutions (A.18), we obtain the matrix

- & —RT
V= [ * I, ] ’
Kk = [Llpg LQPQ DKPQ 0 0] ,

with @ given in (A.4). By replacing P, following (A.19), it
results ¥ in (IV.8). By invoking [21, Prop. 6.5], we have
that J < V(xg) = 2" (0)Px(0) if the data-based inequalities
(IV.8) and (IV.9) are satisfied. In addition, we have V' (0) < 4,
and by transitivity J < 4, if (IV.10) is simultaneously satisfied.
This is achieved by selecting the feedback gain K according
to (IV.11). ooo

Proof of Corollary 1V.6. Consider the performance index

oo

Joo =Y (2" (k)2(k) — " (K)w(k)) .

k=0

If one can find a feedback gain K such that J,, < 0, then the
system (IV.12) has an Ly-gain less than « [21]. Such gain can
be found as follows. Consider the short hand

Xz (k) = [RT (k),w" (k)].

From (A.16) together with the system dynamics (IV.12) and
(IV.13), we obtain

*X;(/{)F)A(Q(k) >
V(k+1) = V(k)+ (27 (k)2(k) — yw T (k)w(k)),
(A.21)

uires IEEE

ermission. See http://www.ieee.or;

with

_ [ R
r_[* ﬂn}’ (A22)
ko=[-DgP, 0 0 0 —eDJP, 0],

where U is given in (A.20). As in the proof of Theorem IV.Z
and Corollary IV.4, we consider the congruent matrix I' =
P'TP with

P= dia’g(p27P27p2ap27p27ln7]n)7

where P, = P, '. This done to obtain an LMI from the
original BMI. By taking into account (A.17), (A.18) and
(A.19), we obtain the matrix T’ in (IV.14). Hence, if (IV.14)
and (IV.15) are satisfied, the gain given in (IV.16) guarantees
a Ly gain of ~ for w(k) # 0. ooo

Proof of Proposition V.2. Let hy = j* and hs = ¢* hold,
and consider the short-hands Wy, = WO,(i*,j*)’ wiem =

6‘??} = and W9, = W(i(i*’ ) In the unperturbed case
(ie., Wy, = 0 and X?1} = 0), the orthogonal distance
dix j+(X11y) defined in (V.7) is zero, in other words (V.5)
holds. In contrast, in the perturbed case (W, # 0, X 51} £ 0)
we have

,

- H (xpe + x4y ) (7 - Ww)

A (Xqy) = [ Xy (10 = whwo.)

(A.23)

2

Therefore, it follows that
nom )
diir ) (X11y) < dea gy (XTT) + din ) (X{1y) - (A2

From the properties of orthogonal projectors, we immediately
have
d(i*d*)(X?l}) < ||X.?1}||2 < X8, (A.25)

Now, we proceed to upper bound d(i*ﬁj*)(Xf{lfin), for which
we recall (V.2) and consider

Ir — Wi, Wo, = I — (Wgom) Twgem

+ (Waem)Twgem — Wi, Wo,. (A.26)
In account of (A.26) and the fact that
xp (= ey wgem) = o, (A27)

we have from (A.23) that

e (37 = i vy e - wil o, )
2
(A.28)

Therefore, to obtain an upper bound for d(i*,j*)(X?ff‘) we
need to bound the difference

| (W) fwgem — Wi, W,

2

plore. Restrictions apply.
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Following [29, Thm. 4.1], and under Assumption V.1, it holds
that

| (W) e — Wi, W,

<
2

5,12
[z Iwi.

2
5,11
o L Rl

2
with t(-) defined in (V.8), and |[W3;" |2 and ||W*2 |5 as in
(V.3). Given that 1) is a monotonically increasing function of
its argument and that with Assumption V.1 the relation (V.9)
holds, we have that

=[], I, = 1=, 9], >0
it follows that
nom\ T 1y nom T TW&H WJ* 2
H(Wo* ) W™ — Wy, Wou 9 <9 t
1-— TW&“ W, )
=Y(o%), (A.29)

with 75,11 and 7,512 as in (V.9) and o* given in (V.11).
O* 0%
Hence, from (A.28) and (A.29), we obtain

div 5+ (XTI < [|[XE07 ]|, - ¢ (07)
< (Xl +7xp, ) 9 (7).

In account of (A.24) and the bounds (A.25) and (A.30), the
upper bound for d;« j«)(X¢1y) given in (V.10) follows.

For i # i* and j # j*, (A.27) does not hold, and thus, the
upper bound for d; jy(Xy1y) given in (V.10) increases.

Once the correct delays are determined, the corresponding
open- and closed-loop data-based system representations are
obtained via Proposition III.1 and Lemma III.2, respectively.

Finally, if for two distinct pairs (7, ;) the condition (V.10)
holds simultaneously, there are two candidates for the delay
values and it is not possible to distinguish between them with
the derived bound (V.10) and with the available data. [II[]

(A.30)

Proof of Theorem V.3. As in Theorem V.3, let there exist the
matrices @Q; for i = {1,2,3}, P, S, R; and Sy»; for i =
{1,2}, and compute K following (V.16). Following (A.19),
define P, = X{0}Q3. By using (A.17), the matrices P, S, R;
and Sq2,; for ¢ = {1,2} can be computed. With these matrices,
the Lyapunov-Krasovskii functional (A.8) can be built and
used to analyze the stability of (II.1) with feedback gain K.

Consider the proof of Theorem IV.2. The effect of the noise
impacts the terms introduced by the descriptor method, i.e.
(A.14), since

Thy (k) (k)
X{l}GK xhl(k)(k:) — Cﬂ(k -+ 1) =
z(k)
Thy (k) (k)
(X{l}GK - [BK A1 Ao]) mhl(k)(k:) 7& 0.
z(k)

(A.31)

To account for this mismatch, we compute the error induced by
the corrupted data. Consider the nominal part of the data X ff]f“

uires IEEE

ermission. See http://www.ieee.or;

and W§°™. From Assumption V.1.1 we have rank(W5e™) =
m + 2n. It follows that

(B A Al = X (75
From (II1.6) in combination with the expression above, we get
[BK Ay Ag] = XI¥m (Weom) WoG.
By using this relation, we obtain
X()Gx— [BE Ay A =
(X = Xp 7o) Wo) G (A32)

Note that X1y = XPP" + X7,
further continue from (A.32) as

Xy — Xpm (W)t wy =
i (1r - v we) +

and Wy = Waom + We. We

= xpg (e = (wgemy wpem -
= — XPP Vg™ T WE + X7y
= —[B A A W§+X{, =-Ap.

(We™) W) + X7,

Then, in order to account for the mismatch (A.31) and to keep
the equation (A.14) equal to zero, we add the compensating
term
T T T Lhoy (k)
2 [SE (k) +ex (k + 1)] P2 X A[.]GK Thyy (k)
(k)

to (A.1~4). This term can be written as the quadratic form
X " (k)®ox (k) with @5 given in (A.5). Carrying this term along
and continuing as in the proof of Theorem IV.2, we obtain

Vik+1) = Vk) <~y (k) (<i> - @) (k). (A33)

As before, to obtain an LMI from (A.33), we }rlalfe use Qf a
congruent transformation. Let P = diag(Ps, Py, P, Po, P),
and consider the congruent transformation

pT (@—ég)P:&»—@Q,
where ® is given in (IV.5) and
d,=AQ+Q'AT, (A.34)
with A = diag (AH,AH,AH,AH,AH) and Q is given in
(V.15). Using (A.34), it follows that
&, <AAAT + %QTQ < o’ + %QTQ,

with A > 0 and o > 0 as in Theorem (V.3). Therefore, the
negativeness of (A.33) can be ensured if

® — o’ M5, — %QTQ > 0.

By using the Schur complement, the inequality above is trans-
formed into (V.13). Hence, if (V.13) and (V.14) are satisfied,
it is ensured that V(k+1) — V (k) < 0 and the origin of (IL.1)
with feedback u(k) = Kxz(k), where K is given in (V.16) is
exponentially stable.

ooo

plore. Restrictions apply.
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