|§| axioms

Article

Non-Fragile Sampled Control Design for an Interconnected
Large-Scale System via Wirtinger Inequality

Volodymyr Lynnyk **

check for
updates

Citation: Lynnyk, V.; Rehdk, B.
Non-Fragile Sampled Control Design
for an Interconnected Large-Scale
System via Wirtinger Inequality.
Axioms 2024, 13,702. https://doi.org/
10.3390/axioms13100702

Academic Editor: Cristiana J. Silva

Received: 10 September 2024
Revised: 3 October 2024
Accepted: 9 October 2024
Published: 10 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Branislav Rehak *

Institute of Information Theory and Automation, The Czech Academy of Sciences, Pod Voddrenskou vézi 4,
182 00 Praha, Czech Republic; rehakb@utia.cas.cz

* Correspondence: voldemar@utia.cas.cz

 These authors contributed equally to this work.

Abstract: A control design for a linear large-scale interconnected system composed of identical
subsystems is presented in this paper. The control signal of all subsystems is sampled. For different
subsystems, the sampling times are not identical. Nonetheless, it is assumed that a bound exists for
the maximal sampling time. The control algorithm is designed using the Wirtinger inequality, and
the non-fragile control law is proposed. The size of the linear matrix inequalities to be solved by
the proposed control algorithm is independent of the number of subsystems composing the overall
system. Hence, the algorithm is computationally effective. The results are illustrated by two examples.
The first example graphically illustrates the function of the proposed algorithm while the second one
compares with a method for stabilizing a large-scale system obtained earlier, thus illustrating the
improved capabilities of the presented algorithm.

Keywords: large-scale system; Wirtinger inequality; non-fragile control; linear matrix inequality (LMI)
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1. Introduction

To design control algorithms for large-scale interconnected systems, one usually
divides the overall system into subsystems with not-too-strong interconnections. Then,
one designs a control law so that the control input for a particular subsystem depends
on the measurements from this subsystem only while, on the other hand, guaranteeing
sufficient robustness to mitigate the effects of interconnections with the other subsystems.
For more information (see, e.g., [1,2] or [3]). An important subclass of them is symmetrically
interconnected systems (every subsystem is connected with every other one); see, e.g., [3],
Chapter 12, for a thorough description.

A crucial step in the design of control of linear large-scale interconnected systems
composed of identical subsystems is the definition of a certain transformation that converts
the large-scale interconnected system into a set of (non-identical) disconnected systems.
Stabilization of this set of autonomous systems implies stability of the original large-scale
system as well (see, e.g., [4], among others). In [5], this approach to the stabilization of
large-scale systems is applied to the control of large-scale nonlinear systems.

Control of large-scale systems is usually implemented via communication networks
bringing flexibility and cost-effectiveness, but also introducing some undesired effects,
such as sampling and quantization of the signals, the transmission of the measured data as
well as the control signals is subject to time delays, packet dropouts are present, etc. (see,
e.g., [6-11]).

As the state values are not always available for the controller, an observer must be
designed. An observer-based decentralized control of large-scale systems was proposed
in [12], and for systems with time delays in [13]. Event-triggered controller, allowing for
reduction of the communication cost in the control loop, was designed for a nonlinear
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interconnected system in [14], and the stabilization of a large-scale system with quantized
control signals was investigated in [11].

In many practical applications, the properties of the actuators are subject to changes in
time due to various causes like material degradation, changing of properties depending
on temperature, etc. However, their replacement can often be difficult or costly. Hence,
there is a need to propose a control tolerating changes in the properties of the actuators
(non-fragile control). This can be modeled as variations in the control gain. Here, additive
perturbations of the control gain are considered (see, e.g., [15,16] or, for a related problem
of multi-agent system synchronization, in [17] or [18]).

To find a stabilizing control for linear time-delay systems, the Lyapunov-Krasovskii
(see, e.g., [5] or, for a multi-agent system, [19]) or Razumikhin functional-based methods
(as in [6]) leading to linear matrix inequalities (LMI) are often applied. The Wirtinger
inequality can be used in connection with the Lyapunov-Krasovskii-based methods (see,
e.g., [20,21]), reducing the conservativeness of the involved estimates. The Lyapunov—
Krasovskii functional sometimes requires the derivative of the time delay to be less than
one. Hence, these methods are not suitable for systems with sampled controls. The so-called
descriptor approach (see [22]) is a remedy [23], which uses this approach in connection
with the Wirtinger inequality to stabilize a system with sampled controls. A large-scale
system is stabilized by a Wirtinger inequality-based design in [24]. This paper extends
these results.

Purpose of this paper:

¢ To present an improved algorithm for stabilization of an interconnected large-scale
system with sampled controls under less restrictive conditions than required by the
algorithm proposed by [6].

¢ To provide a comparison of both approaches.

*  To present an algorithm that enables more general interconnections than the algorithm
proposed by [6].

*  Based on existing results to propose the non-fragile control law extending the previous
results to the case of fluctuating control gain.

The novel method is based on the Wirtinger inequality.
Notation:

1.  The LMI P > 0 means matrix P is a square symmetric positive definite matrix.
2. For symmetric matrices, the elements below the diagonal are not written explicitly

they are replaced by an asterisk: ( o lc’ ) =(ab).

* C

3. If no confusion can arise, the time argument ¢ is omitted. The time delay is written
using subscript: x = x(t), x(t — T) = x(t) = x¢. However, if the time argument is
different from ¢, it is written in full.

4. If Ais asquare matrix, then I4 denotes the identity matrix with a dimension equal to
the dimension of A; 0 denotes a zero block; its dimension will be clear from the context.

5. By diag(A, B) we denote the block-diagonal matrix diag(A, B) = (4 9).

6. The symbol ® denotes the Kronecker product. Its properties are summarized, e.g.,

in [25].

Outline of the paper: The problem is introduced in Section 2, and the necessary
assumptions are presented here. Section 3 contains the design of the control algorithm
based on the Wirtinger inequality. This section is divided into two subsections. The
Wirtinger inequality-based control design algorithm is derived in the first subsection;
however, the dimension of this problem is dependent on the number of subsystems. This
issue is remedied in the second subsection, which contains a control algorithm design
independent of the number of subsystems. Section 4 contains two illustrative examples;
the first one graphically illustrates the capabilities of the algorithm, while the second one
provides a comparison with a method derived earlier, thus highlighting the improvements
achieved by the algorithm presented here. Then, the conclusions follow.
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2. Problem Setting

Consider the following large-scale system, which is composed of N identical subsys-
tems. For everyi =1,..., N, the ith subsystem is given by

N
X; =Ax; + Bu; + Z eijHx; + Gw;, @)
=1

x;(0) =x;o. ()

Here, x;(t) € R", u;(t) € R™, w;(t) € R are the state, control, and disturbance, respectively.
Moreover, A, H € R"™" B ¢ R"™" and G € R"*1. We define also the interconnection matrix
E € RN*N as follows: leti,j € 1,...,N;if i # j then ejj = 1if the state of the jth subsystem
influences the state of the ith subsystem, otherwise ¢;; = 0.

Assumption 1. For every i = 1,...,N holds e;; = 0 (the interconnection of the system has
no loops).

Assumption 2. Matrix E is symmetric.

The second assumption implies that there exists an orthogonal matrix T’ and a real
diagonal matrix D’ such that
E=TTD'T. 3)

Without loss of generality, one can assume dq < --- < dy and D’ = diag(dy, ..., dn).

Remark 1. Due to the importance of symmetrically interconnected systems (every subsystem
is connected to every other subsystem; in this case, eij = 1 whenever i # j, e;; = 0), special
methods for these systems were proposed. Papers [6,15] and Chapter 12 in [3], among others,
are focused on the control of this class of interconnected systems. The most distinctive feature is
that a different transformation can be defined for these systems: the transformation matrix is not
necessarily constructed using eigenvectors; rather,

(N-1) -1 .. -1 -1

L1 -1 (N-1) .. -1 -1
T = —

N : N

-1 -1 . (N-1)-1

1 1 .. 11

can be used. This can be beneficial if N is large as construction of this transformation matrix does not
require computation of eigenvectors and eigenstructures. Still, the method based on the computation
of the eigenvalues is applicable for these systems if the computation of the eigenstructure of matrix E
poses no difficulties. Although both methods lead to a stabilizing control, the results can be different
in terms of conservativeness. This is why this case is treated separately in this paper.
Denote D" = diag(—1,...,—1, N —1). As shown in [3] (Chapter 12), for an N-dimensional
————

N-—1 times
matrix E, the relation E = T"~1D"T" holds.

Letx = (xlT,...,xZE)T,JZ = (xlT,Tl,...,xKLTN)T,w = (wlT,...,w%)T,u = (ulT,...,uIT\])T.

This allows us to rewrite the N-tuple of subsystems (1) and (2) in the compact form
¥=(Ip®A+E®@H)x+ (Ig®B)u+ (Ig® G)w, xg = (x1,...,xx0)"- (4)

System (4) is referred to as the overall system.
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Assumption 3. The control is sampled; moreover, it is assumed the time interval of length T’
elapses between the sampling time and the time instant when the measured value is available to the
controller. The sequence of sampling times of the ith subsystem is denoted by t; ;, k € N.

Assumption 4. There exists T > O such that t;j —t;_1 < Tforalli=1,...,N and all k.
We aim to find a matrix K € R"*" so that the control law
u=(Kxi (tyj, +7), ..., Kx§(tigy, + )7 %)

stabilizes the overall system.

In (5), t;, is defined as follows: t; . = max(t; x|k € N, t;; <t —1’). This is called the
nominal case, as the control gain is not perturbed.

In some cases, the control gain matrix is subject to perturbations. We assume the
perturbations are additive as in [15]; the matrix gain is time-dependent. Let there exist
measurable functions F; : [0,00) — RY*Y and matrices Dx € R™*", Ex € R"*" and
K e R™ ", Then, we define functions K; by

K;(t) = K+ DgFi(t)Ek. (6)

Assumption 5. Functions F; : [0,00) — R"*" are measurable, and foralli =1,...,N and all
£>0,||E(8)] <1 holds.

Then, the control law is given as
— T / T NN\T
u= (Kl(t)xl (tl,kl +T)r-'~/KN(t)xN(ti,kN+T)) . (7)

The goal is to find matrix K so that stabilization of the overall system is achieved under the
control law (7). The delays satisfy the same conditions as in the nominal case. Matrix K is
called the nominal control gain matrix.

Remark 2. Matrices Dy and Eg are supposed to be known and available for the controller synthesis.
On the other hand, functions F; are not known.

3. Control Design
3.1. Wirtinger Inequality and Its Application to the Control of a Large-Scale System

Lemma 1 ([26], Lemma 3.1). (Wirtinger inequality) Let a < b be real scalars, z : [a,b) — R" be
an absolutely continuous function, z(a) = 0; limy_,; z(t) exists and is finite, and | ab 12(s)||ds ex-
ists and is finite. Let there also exist an n x n-dimensional matrix R > 0. Then, | ab zT(s)Rz(s)ds <
A0 [P 5T (s)Re(s)ds.

This lemma was used to obtain the following result (Theorem 1 in [23]). For the sake
of completeness of this paper, we repeat it here without proof.

Theorem 1. Let 0 < T/ < T. Consider system
x=Ax+Bu (8)

where x(t) € R", u € R™ and the control is sampled, so that Assumptions 3 and 4 hold. Let there
exist a scalar € > 0 and matrices !’ >0, X’ >0, M’ >0, L' > 0, 2’ nonsingular and K" with
compatible dimensions, so that, with matrix . defined as
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011 012 013 014

Z(.A/, B/, Xz M, E’,Z/l/, /C/,E) _ * O 023 €014 )
* * 033 0

%k * * 044

o1 :A,TZ,—F Z/TA' -I—./\/l/ . £/r¢7'12 . Z/T -I—E.A,TZ/, 013 = Y + Z/TB/]C/I
i :Z/TB/’C/I 09y = —S(Z/ + Z/T) + T/ZM/ + T_Zu/’ 093 = €Z/TB/’C/,

2
! !/ !
o33 = — M —510'44:—ZU,

the LMI
(ALBL XL, Z ML LUK ) <0 9)

holds. Then, system (8) with sampled control u = K'x(t + ') is stable.

Remark 3. Note that matrix inequality (9) is linear either in Z or in IC, but not simultaneously
in both; hence, it is not applicable to the control synthesis problem. On the other hand, a standard
procedure (applied in the subsequent text) yields a related matrix inequality that can be used to the
control design.

Remark 4. Parameter ¢ is not a decision variable; its value cannot be obtained from the solution of
these LMI. Rather, its value must be determined before the above LMIs are solved. The presence of
this parameter is characteristic for the control design using the descriptor approach (see [27]).

Remark 5. Paper [23] presents a slightly more general version, with a general matrix instead of
the multiple e Z. However, for the control synthesis problem, this formulation is useful.

Remark 6. Let & = (x7,xT,x — xp, xp — x(ty — T')) (here, t; is the last sampling time before
t — 1'). As shown in [23], if the Lyapunov—Krasovskii functional V' is defined as

1% :xTX/erftiT, xT(s)M'x(s)ds + T’ fET, fttﬂ xT(s) L' x%(s)dsdu
(2= T2 [1T 2T (s)U' 2 (s)ds

te

! T
— 2 5 (x(6) = (i = 7)) U (x(s) — (i — ) )ds
then V < (T;TZ(A/I B, X, Z M, LUK, e)@ < 0for @ # 0.

In the following, n X n-dimensional matrices U, X, M, L, and Z, and also matrix
K € R™ " and constants 7y and ¢, will be used.
Notation: Let us define the following matrices:

A=IFRQA+EQRH, B=Ig®B,G=ItQGU=IFQU,X =X, M=Ig® M,
,C = IE@L, Z = IE®Z, ’C - IE®K/21 :Z(AIBIX/Z/MILIU/ICIS)/ (10)
T = %y +diag(ls+ 1276672, £ 27667 2,0,0),

I, Z27¢g 0

[ = 0 0 eZTg
o o o |
0 0 0 ()

, % | ¢
A= —dlag(I_A, ’)/Ing, ’)/Ing), Y = ( " A >
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Lemma 2. Consider System (4), and let Assumptions 3 and 4 hold. Assume there exist n x n-
dimensional matrices U > 0, X > 0, M > 0, L > 0, Z nonsingular, an m X n-dimensional matrix
K, and scalars € > 0 and «y > 0, such that, using Notation (10), LMI

¥ <0 (12)

holds. Let the control u; of the ith subsystem be given by (5). Then, if w = 0, System (4) is asymp-
totically stabilized; otherwise, if x(t) = 0 for all t € [—7T,0], for every t > 0, fot xT(s)x(s)ds <
v(1+e¢) fot wT (s)w(s)ds holds.

Remark 7. This is a direct counterpart of Theorem 7.1 in [27] for large-scale systems where the
sampling times are different for different subsystems. Thus, the proof is sketched here.

Proof. First, observe that the Schur complement theorem yields ¥ < 0, if and only if
Yy < 0. Moreover, for any scalar 7y > 0, one has

1 1
(xT2T +ex’2T)Gw g;xTZTQQTZx + ;XTZTQQTZX + (14 &)ywTw.
Now, we are ready to prove that inequality >, < 0 implies the Heo-stability of the
overall system. Let us introduce, for thei =1,..., N vector,
w :(xlT,.. xk il (e - xllT/)T,. oo (N — xN,T/)T,
T

xp o —x(tie— ),y — x(tng —T)T)

Observe also that

N
[ ZTY e;Hxj =x"(Ip @ Z")(E ® H)x,
=1

X

N
VAl Zi e;jHx; =3"(Ip ® Z")(E ® H)x.
]:

N
3
i=1

N
)y
i=1

Define functional V by

t o
VY = XTX.X + xT(S)M.X(S)dS + ' / XT(s)Ex(S)dsda
t—1! - bia
N !
+Y (z-7)? / 1T (s)Ux;(s)ds
i=1 tip—T'
7‘[2 t—1' T
RO (xi(S) R T/)) U(xl-(s) —x(tix — T/))ds.
ik—

The procedure described in the following is based on [23], where only one delay is con-
sidered. As multiple delays are present in our problem, we sketch a generalization of
the results of that paper to systems with multiple delays. Thus, for the case without
uncertainties in the control gain matrix, one obtains
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N
V=Y 2x Xt + x] Mx; — x[  Mx; o + 2] (T7L + TU)
i=1
7-[2 NT /
= i = x(tip = T) U xip —x(tig — T)
— (xi = x;0) 'L(x; = xi0) + (6] 27 + ex] 2) (=% + Ax;
N
+ Z ejjHx; + BKx; 7 + BK(xj o — x(tix — ) + Gw;) + xl-Txi — xl-Txi
=1
ngZZw.

Then,
=0
V=V+ @27 +ex? 2T (—x + Ax 4+ Bu+ Gw) = w'Zijw + (xT 2T + ex" 2T\ Gw
<w w4+ (1 +e)w'w — xTx < (1 +e)ww — x"x.

As follows from the first part of the proof, Condition (12) implies ¥, < 0. Then, for w = 0,
the following holds: if ||w]|| # 0, then V < 0, which yields asymptotic stability. If w # 0
and x(t) = 0fort € [—7,0], then y(1 +¢) fot w’ (s)w(s)ds > fot xT(s)x(s)ds. O

Remark 8. Finding the minimal -y satisfying assumption of Lemma 2 allows us to find the Hoo-
optimal control.

Consider now the case when the feedback gain is perturbed. The control gains are
given by (6). Denote

Dk =Ig®Dg, Ek = ® EK,]:(t) = diag(Fl(t),. . .,FN(i’)). (13)

In this case, matrix X is time dependent; time dependent terms appear in 013, 023, 014
and op4 = eo4. They are estimated using the following proposition. Before it is formulated,
let us choose a matrix | € R"*?, | > 0, and also define

JT=E®]. (14)

With matrix J, as well as the matrices defined in (13), we define auxiliary matrices Y €
RNnxNn (N)(t) ﬁ/ € R4Nnx4Nn by

Y= ZTBDxJDLB'Z,

N (o < ZTBDyF(t)éx  ZTBDyF(t)Ek >)
Q(t) = EZTBDK]:U’)SK €ZTBDK]:(t)gK ,
* 0
Y «eY 0 0
a- |* e2Y 0 0
Tl s o« ELT e ELT
x ok * Egjfng

Proposition 1. With matrices Q and (Y and with J > 0 one can see that inequality Q(t) < Y.
holds for all t € [0, c0).
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Proof. The following holds for O

T
A :( 0 <€ZZT%%I;)F“) (& &) )
* ‘ 0

The Young inequality then yields the result. [

For future purposes, we introduce matrix
Qe RGn+29+v)Nx (51+29+v)N 44 follows:

Y €Y
% €2Y

tn Cn
O O ORIRY O ©

* K K K K K

* X X X X X

* ¥ ¥ * ¥ O OO
* ¥ ¥ ¥ O O OO
* % ¥ O O O O O
* ¥ O O O O O O
*¥ OO O O O OO

|
Y\

Moreover, let Xy, ¥ be defined as

‘i’:(‘f 0>+Q.
* 0

Lemma 3. Consider System (4). Let Assumptions 3, 4, and 5 hold. Moreover, assume there exist
n x n-dimensional matrices U > 0, X > 0, M > 0, L > 0, Z nonsingular and K € R™*",
J € RY*Y, such that | > 0 and scalars ¢ > 0 and -y > 0, so that, using notations (10), (11), (13),
and (14), the LMI

Y <0 (15)

holds. Assume System (4) with the control input (7). Then, if w = 0, System (4) is asymptotically
stabilized; otherwise, if x(t) = 0 for every t € [—7,0], then for every t > 0, the following holds:

/Ot xT(s)x(s)ds < (1 +¢) /Ot wT (s)w(s)ds. (16)
Proof. Proceeding as in the proof of Lemma 2, one can infer
V<@ (Zo 4+ Q)@ + (1 +e)wTw —xTx. (17)
If one can prove the inequality
S +0(t) <0 (18)

for all t > 0, one then obtains that (17) implies V < (1 + e)w w — xTx.
Hence, it remains to prove the validity of (18) for all t > 0 if ¥ < 0. Taking the Schur
complement of matrix (), one obtains that ¥ < 0, if and only if

O/
¥4 <i‘i) <0.
* |0

Proceeding as in the proof of Lemma 4, one has that the above inequality is equivalent to
Y40 <O0. Taking (1) into account, we arrive at (18).

Tosumup, V < y(1+ e)w'w — xTx if x(t) = 0in [~T,0]. As in the proof of Lemma 2,
by integration from 0 to ¢, we arrive at fot xT(s)x(s)ds < y(1+e) Oth(s)x(s)ds. On the
other hand, if w(t) = 0 for all t > 0, (17) implies V < @7 (X, + Q(t))@ < 0if & # 0, and
one has asymptotic stability of the closed loop. O
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3.2. Reduction of the Size of the Problem and Controller Synthesis

The size of the optimization problem (12) is proportional to nN, hence it is too large
for practical implementation. On the other hand, matrices ¥ and ¥ can be transformed
into a block-diagonal matrix, albeit with, in general, not equal terms on the diagonal.
This procedure, as well as the subsequent procedure for the controller design, are rather
standard; hence, their description is brief.

To proceed, let

I, Z'G 0
, o 0o eZ'G
“=lo o 0 ’
0 0 0

A/ = — dlag(IA, ’)/IGTG, '.}/IGTG).
Define matrix-valued function ¥’ : R"*" — R(51+29)x(51+249) a4 follows:

P (A) 9 (A) ¢l vy
* Py EPly 4
* * Py O
*

¥ = * * Py

P (A) =ATZ 4+ ZTA+ M~ L+ 1y,
P (A) =X —ZT +enZ,

W3 =L+ ZTBK

14 =Z'BK,

16 =2"G,

Wy =—e(Z+Z") +°M + 72U,

¥hs =eZTBK,

Yy =VeZ'G,

1[J§3 =—M-1L,
2
, T
--"Tu
Py 1

Lemma 4 (No uncertainties in the control gain). Assume there exist n x n-dimensional matrices
U>0X>0M>0,L >0, Znonsingular,and K € R™*", and scalars ¢ > 0 and -y > 0, so
that at least one of the following conditions holds:

1. The eigenvalues of matrix E satisfy
Y (A+diH) <0, Y (A+dyH) <O0. (19)
2. The system is symmetrically connected, and
Y'(A-H)<0, Y (A+ (N—-1)H) <0. (20)
Then, ¥ < 0.

Proof. In the first case, note that the matrix-valued ¥(A + dH) function is convex in d.
Hence, conditions (19) imply ¥(A +d;H) < Oforallj=1,...,N.
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With help of relation (3), we introduce matrix ¥, defined by Y = Y@ A+D' ®
H,B,X,Z,M,L,UK,e), N
_ [ %1 ¢C
¥ ( 28K )

If the first condition in the formulation of this lemma holds, observe that there exists a
permutation matrix I, such that

¥ = 11T diag(¥'(A + d1H),...,¥'(A+dyH))II,

hence, ¥ <0.

Define now 7 = diag(T' @ Iy, T' @ In, T' @ I, T' @ Ip, T' @ Iy, T' @ Icr, T @ Igr)-
Properties of the Kronecker product imply ¥ = 7 '¥7, and one has ¥ < 0.

If condition (20) holds, then define
T" =diag(T" @ Ia, T" QIa, T" @ In, T @ Ip, T" @ In, T" @ I, T @ I g1 ). Then, there
is a permutation matrix I1”, such that

¥ — (T”)—ln”Tdiag(‘If’(A +(N=1)H), ¥ (A—H),..., ¥ (A H))H”T”

N—1 times

which implies ¥ < 0. This completes the proof of this case. [
To handle the case with uncertainties in the control gain, let us define matrices
¥y (A) =y, (A) + Z"BDJD{B" Z,
P (A) =95 (A) +eZ"BDgJDEBT Z,
Py =, + 2T BDkJDLBTZ

and a matrix-valued function ¥’ : R"*" — R(51+29)x(51429) 55 follows:

¥ (A) (D) @13 Vs 0
* ¥, l/’;z; Py 7 EOT
— * * 0
44 K
* A 0
* * —J

Lemma 5 (Case with uncertainties in the control gain). Assume there exist n x n-dimensional
matrices U > 0, X > 0, M > 0, L > 0, Z nonsingular and K € R™ ", [ € RY*Y, such that
J > 0and scalars € > 0 and -y > 0, so that at least one of the following conditions holds:

1. Y(A+dH) foralld € {dy,dy}.

2. The system is symmetrically connected and
¥'(A—H) <0aswellas¥ (A+ (N —1)H) < 0.

Then, ¥ < 0.

The proof is analogous to the proof of Lemma 4; hence, it is omitted.

To derive the controller synthesis algorithm, the procedure is similar to that of [23].
AlsoletQ = 2z, Y =Kz, P=2TXZ"1,R=272T™MZz1,S =7 TLZ 1, and
W = Z-Tuz-'. For n x n-dimensional matrices P > 0, R > 0,S > 0, W > 0, Q
nonsingular, a m x n-dimensional matrix Y, and positive scalars 7, ¢, define matrices gij,

j=1,...,4and a matrix-valued function & : R"*" — [R (51+2q) x (5n-+2q) by
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&1 (A) =QTAT + AQ+R -5,
E12(A) =P — Q +eQTAT,

¢13 =S + BY,

G1a =BY,

&n=-¢e(Q+ Q") +7?R+ W,
Go3 =¢BY,

G33=—R-S5,

Caa = — %ZW,

n(A) &2 &3 G QT G 0
* Gn C3 €1a 0 0 VEG
* * Gz 0 0 0 0
E(A) = * * *  Ca 0 0 0
* * * * —Ia 0 0
* * * * * _'VIGGT 0
* * * * * * —ylgar

Also define B : R"*" — R(51+29)x(51+29) 49
&11(A) =QTAT + AQ+ R — S+ BDgJDLBT,
E12(A) =P — Q+eQTAT +eBDgJDLBY,
& =—e(Q+ Q") + 1R + *W 4 ¢2BDyJ DL BT,

Gu(A) &n(A) & G QT G 0 0
* ¢ G €1a 0 0 G 0
* * Gz O 0 0 0 QTETY
S I I N T T
A
* * * * * —Ylgcr 0 0
* * * * * * —vlgar 0
* * * * * * * —J

Lemma 6. Consider System (4). Let there exist n x n-dimensional matrices P >0, R > 0, S > 0,
W > 0, Q nonsingular, a m x n-dimensional matrix Y, and positive scalars <y, . Then, for every
matrix A € R"™", E(A) < 0 holds if and only if ¥(A) < 0.

Proof. Let O = diag(Q~1,Q1,Q1,Q 1, Ia, Igre, Iorg). Then, @ E(A)Q = ¥(A). O
The following analogous result holds for the case with uncertainties in the control gain.

Lemma 7. Let the assumptions OL Lemma 6 hold; moreover, let ihere exist a n x n-dimensional
matrix | > 0. Then, the condition Z(A) < 0 holds if and only if ¥ (A) < 0.

Proof. The proof is analogous to the proof of Lemma 6. The only difference is that matrix
Qis defined as © = diag(Q1, Q71 Q7L Q7 4, Igre, IGTG,IEEEK). O

The following theorem summarizes the results of the above lemmas.
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Theorem 2. 1. Consider System (4). Let there exist n x n-dimensional matrices P > 0, R > 0,
S >0, W > 0, Q nonsingular, a m x n-dimensional matrix Y, and positive scalars vy, €.
Assume also the validity of at least one of the following conditions:

(@) E(A+d1H) <0and E(A+dyH) <O0.
(b)  The overall system is symmetrically connected;
E(A-H)<0andE(A+ (N—-1)H) <0.
Then, systems (1) fori = 1,..., N are stabilized by the sampled control (5) where K = YQ L.

2. Assume moreover there exists a n x n-dimensional matrix | > 0, and assume at least one of

the following conditions holds:
(@) E(A+dH)<0and E(A+dyH) <O0.
(b) The overall system is symmetrically connected, and
E(A—H)<0and E(A+ (N —-1)H) < 0.
Then, System (1) fori =1, ..., N is stabilized by the Control (7) with matrices K; given by
(6), where K = YQ~ L.

Proof of Theorem 2. The first part is a consequence of Lemmas 6 and 4, the second part is
the consequence of Lemmas 6 and 5. [

Remark 9. Minimization of the parameter -y leads to the Heo-optimal control.

4. Examples
4.1. Example 1

System (4) is composed of 10 subsystems given as follows. The system matrices are

givenas A = (01 (1)) B= <(1)> H= %((1) (1)) Dk =1,Ex = (1,1), E = (e;), eiy1 =1,
ey, =1, i=1,...,9, eij = 0 elsewhere; its eigenvalues are in the interval [—1.92,1.92].
Note that the overall system is unstable. Time delays are defined as v’ = 0.01s, T = 0.08s.
The sampling occurs at different time instants for different subsystems.

The LMI optimization problem obtained in this example is feasible. Computations
from the previous section yield K = (—3.70, —4.29), v = 9.36. The initial condition was
chosen as x(0) = (1,0.75,1,0,0,2, —1,2,0,-0.75,1,-2,1,0,2,0, —2,2, —1, —1)T.

Figure 1 illustrates the results. The upper subplot shows the state x; 1 (solid line),
x1,2 (dotted line), x5 1 (dashed line) and x5, (dash-dot line). The lower subplot illustrates
the norm of the vector x(t). There were no disturbances present in the simulated system.
Therefore, the control algorithm achieved a full stabilization of the overall system, in spite
of the presence of the interconnections. If some disturbances act upon the system, the state
of the system would not, in general, achieve the zero value in the limit. However, the norm
of the state would be, for a sufficiently large time, bounded by (16). The simulations were
obtained using the Matlab R2021b software.
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Figure 1. Simulation results. Upper subplot: x1 ; (solid line), x; » (dotted line), x5 ; (dashed line), x5,
(dash-dot line). Lower subplot: the norm of x(t).

4.2. Example 2

The purpose of this example is to provide a fair comparison of the algorithm presented
here with the algorithm derived in [6]. Both methods are applied to identical systems with
equal parameters.

Matrices defining the ith subsystem are given as

0o 1 0 0.01 0 1
A= (—0.1 —O.8>’B - (0.1)'H - ( 0 0.012>’G - (1)

The system is symmetrically interconnected; matrix T”, introduced in Remark 1, was
applied in both cases.

The results are summarized in Table 1 for various values of T and various numbers N
of subsystems that were computed using the approach presented in this paper (values Ky,
and yw, denoted by K and 1, respectively, in the above text) and a compared with results
obtained by the method based on the Razumikhin functional as described in [6] (values K
and 7 g; these quantities are denoted by K and 1, respectively, in [6]).

Table 1. Comparison of results.

N =20
7(s) TR Kr Tw Kw
0.001 48.55 (—5.683, —4.868) 3.86 (—20.183, —14.360)
0.01 49.27 (—5.740, —4.942) 3.87 (—20.17, —14.35)
0.1 infeasible 3.91 (—19.79 —13.99)
N =30
7(s) TR Kr Tw Ky
0.001 55.38 (—6.34, —5.48) 431 (—21.39, —14.17)
0.01 56.42 (—6.40, —5.56) 4.32 (—21.39, —15.18)
0.1 infeasible 4.46 (—20.93 —14.77)

In both cases, the value of the constant oy computed by the LMIs based on the Wirtinger
inequality is considerably smaller. Thus, the presented algorithm exhibits a better capability
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of disturbance attenuation. Also, it is capable of handling a larger set of parameters of the
optimization problem.

5. Conclusions

An algorithm for the stabilization of large-scale interconnected systems with sampled
controls was presented. The algorithm is based on the Wirtinger inequality. Results
of the presented approach were compared with results previously obtained using an
algorithm based on the Razumikhin functional. It is shown that the method presented
here is less conservative. On the other hand, it is to point out that the method is applicable
to linear systems; nonlinearities must be approximated using the Lipschitz property in
combination with methods known from the robust control, hence leading to an overly
conservative design.

In future research, we intend to focus on more nonlinear systems, systems with delays,
and/or systems with fractional derivatives (see, e.g., [28]); the ultimate goal is to apply the
proposed method in a practical setting.
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