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On input-to-output stability and robust
synchronization of generalized Persidskii systems

Wenjie Mei*, Denis Efimov*", Rosane Ushirobira*

Abstract—TIn this paper, we study a class of generalized Persid-
skii systems with external disturbances and establish conditions,
in the form of linear matrix inequalities, for input-to-output
stability (I0S) and robust synchronization for these systems.
We apply the obtained results to the robust control design
for synchronizing linear systems and to the synchronization of
Hindmarsh-Rose models of neurons.

Index Terms—Input-to-output stability, robust synchroniza-
tion, generalized Persidskii systems.

I. INTRODUCTION

Stability analysis for dynamical systems is a complicated
problem, especially in the nonlinear case and in the presence
of external perturbations [2]-[4]. One of the most general
frameworks in this domain is given by the input-to-output
stability (IOS) concept [5], [6], which quantifies the bounded-
ness and the convergence of an output signal for a nonlinear
dynamical system in the presence of essentially bounded
exogenous inputs. This theory also provides necessary and
sufficient conditions for IOS in terms of the existence of
corresponding Lyapunov functions [6]. The well-known input-
to-state stability (ISS) property [7] is a particular case of
IOS when the whole state is considered as the system output.
The main drawback of applying these concepts is the lack of
constructive methods to design the related Lyapunov functions.

Most existing approaches for synthesizing Lyapunov func-
tions for nonlinear dynamics involve various canonical forms
such as Lur’e systems [8], Lipschitz dynamics, Persidskii
systems [9], and homogeneous models. In the present paper,
we focus our attention on Persidskii systems, which have been
extensively studied in the context of neural networks [10] and
power systems [11]. This class of models was introduced in
[9], [12], and recently the ISS conditions have been estab-
lished in [13] for its generalized form. The properties of the
Lyapunov function proposed in [13] and its time derivative
are analyzed using linear matrix inequalities (LMI), which is
a rare case for nonlinear systems taking into account a possible
highly nonlinear nature of generalized Persidskii systems. The
main goal of our work is to extend those results to input-to-
output stability (IOS) and apply them to study synchronization
conditions for a family of generalized Persidskii systems.
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A preliminary conference version of this work [1] mainly focuses on the
synchronization application, and the IOS conditions are only briefly discussed
(solely a disturbance-free case is studied).

Synchronization is a complex phenomenon that is frequently
observed in networked and interconnected systems. It has
been extensively investigated in various fields, e.g., robotics,
communication security, autonomous driving [14]-[17]. The
principal methods to achieve synchronization for nonlinear
systems are based on the passivity theory [18], [19], output
regulation [20], incremental stability [21], Lyapunov approach
[22], to mention a few recent results. Lur’e systems constitute
a popular benchmark for testing these theories [23]-[26]. Here
we employ the IOS theory to derive conditions for robust
synchronization (in the presence of external inputs).

The outline of this paper is as follows. In Section II, the
stability definitions are presented. The class of considered sys-
tems is defined in Section III, and in Section IV, the conditions
for IOS and the analysis of the selected Lyapunov function are
given. The synchronization measure and an approach to study
synchronization of a family of generalized Persidskii systems
are introduced in Section V-A. Robust control design for
synchronization of linear systems subject to highly nonlinear
perturbations is presented in Section V-B. The Hindmarsh-
Rose model is considered as an example in Section VI to
examine the efficiency of our proposed results.

Notation

« N, R, and R, represent the sets of natural numbers, real
numbers, and nonnegative real numbers, respectively. The
symbols |-| and ||-|| denote the absolute value in R and
the Euclidean norm on R” (and the induced matrix norm
[JA|| for a matrix A € R"™™), correspondingly.

o The identity matrix of dimension n is denoted by I,
and the n-dimensional all-ones vector by 1,. The set of
diagonal matrices with nonnegative elements on the main
diagonal is denoted by D} c R’". For a symmetric ma-
trix A € R, Anax(A) denotes its maximal eigenvalue.
For a matrix B € R™", let ker(B) denote its kernel.

e For p, n € N with p < n, the notation p,n is used to
represent the set {p,...,n}.

« For a Lebesgue measurable function u: Ry — R, define
the norm [|ul(7,,r,) = e€SSSUP, [y, 1) (D) for [11,22) C Ry
Let &7 be the space of functions u with ||u|le :=
2]l 0,00y < +00 and 96’” C £ be the space of functions
taking values in a compact subset ® C R™.

« A continuous function o : Ry — R, belongs to class % if
it is strictly increasing and o (0) = 0; it belongs to class
Fe if it also satisfies lim, o, 0 (r) = c0. A continuous
function B : R, xRy — R, belongs to class #&Z if for
fixed s € Ry, B(-,s) € X and for fixed r e Ry, B(r,-) is a
decreasing function with limg_,o, B(r,s) = 0.



o For a continuously differentiable function V: R" — R,
denote by VV(v) f(v) the Lie derivative of V along the
vector field f evaluated at point v € R".

II. PRELIMINARIES

Consider a class of nonlinear systems:
x(t) = f(x(2),d(t)), Vt 20, with £(0,0) =0, x(0) = xo, 0
y(1) = h(x(1)),

where x(7) € R" is the state vector, d(t) € R™ is the external
perturbation, d € £, y(t) € RP is the output vector. Moreover,
f:R"xXR™ — R" is a locally Lipschitz continuous function
and h: R"™ — R? is a continuously differentiable function.
For an initial state xop € R" and d € &, the corresponding
solution of (1) is denoted by x(t,xo,d) for the values of
t > 0 the solution exists, so the corresponding output is
y(t,x0,d) = h (x(t,x0,d)).

The system (1) is forward complete if for all xo € R" and
d € £, the solution x(t,xg,d) is uniquely defined for all ¢ > 0.

In the rest of the paper, to lighten the notation, the time-
dependency of variables might remain implicitly understood,
for instance we write x for x(¢). Let us give some definitions
that are used in the sequel.

Definition 1.
be:
1) practical input-to-output stable (pIOS) if there exist 5 €

KL, ve K and c € Ry such that
ly(z,x0, )|l < B(llxoll,t) +y(lld]leo) +¢, ¥2 >0

for any xo e R" and d € £Z}. The system is input-to-
output stable (10S) if c =0. When y = x, the 10S property
is called input-to-state stability (ISS).

2) output-Lagrange input-to-output stable (OLIOS) if it is
10S and there exist 01,0 € K such that

Iy (2,0, d) || < max {o ([|2(x0)[]), o2 ([|d]|0)}, VE20

for any xo e R" and d € Z'.
3) state-independent input-to-output stable (SIIOS) if there
exist Be XL,y €  such that

ly(t,x0,d) || < B(l|A(x0)[I.1) +¥(lldle0), VI 20

for any xo e R" and d € L.
4) robustly output stable (ROS) if there exist a smooth
function @ € o and B € KL such that the system

x=flx6) = fx,ca(lh(0)])
is forward complete, and the estimate
Iy (2,x0, )1l < B(llx0ll,2), Vi >0

is satisfied for all ¢ € Qé”, where € = {u e R™: ||u|| <
1}, and yo(t,x9,5) = h(x(t,x9,5)) denotes the output
function of the system (2).

[6] A forward complete system (1) is said to

2

Definition 2. [6] A forward complete system (1) is said to
be uniformly bounded-input-bounded-state stable (UBIBS) if
there exists o € K such that

llx(z,x0, ) || < max{o(llxoll), o (ld]|e0) }, Y2 2 0

for all xy e R" and d € L.
Definition 3.
V:R" - R, is:
1) an 10S-Lyapunov function if there exist a|,ar € Fw,
x €K and az € XL such that

ar([[RG)1) < V(x) < az(llx]),
V(x) 2 x(lld]l) = VV(x) f (x,d) < —a3(V(x),[lx]])
for all x e R" and d e R™.

2) an OLIOS-Lyapunov function if there exist a1, a7 € Foo,
x € X and az € XL such that

ar([h()1) < V(x) < az(|R(0)]),
V(x) 2 x(lld]}) = VV(x) f (x,d) < —a3(V(x), Ix]))
for all x e R" and d e R™.

3) an SIIOS-Lyapunov function if there exist @y, € Fo
and y,as € F such that

ar([[RG)1) < V(x) < az(|R(x)]),
V(x) 2 x(ld]}) = VV(x) f(x,d) < —a3(V(x))
for all x e R" and d e R™.

4) an ROS-Lyapunov function if there exist a|,a; € Fw,
x € X and az € XL such that

[6] For the system (1), a smooth function

3)

“4)

ai([|lR()[) < V(x) < ax((lxD),
A1 =z x(ldll) = VV(x) f (x,d) < —a3(V(x), ||x]])

for all x e R" and d e R™.

Theorem 1. [6] A UBIBS system (1) is IOS (OLIOS, SIIOS,
ROS) if and only if it admits an 10S (OLIOS, SIIOS, ROS)-
Lyapunov function.

Remark 1. Note that for a sufficient condition of 10S, SIIOS,
or ROS, the UBIBS requirement can be discarded provided
that the system (1) is forward complete (or it possesses the un-
boundedness observability property [27]) and an 10S/SIIOS-
Lyapunov function or a ROS-Lyapunov function satisfies (3)
((4) in SIIOS case) and respectively,

V() z x(ldl) = VV(x) f(x,d) < —a3(V(x))  (5)
or

IR = x(lldl]) = VV(x) f(x,d) < —a3(V(x))

for all x e R"™ and d €e R™, some a,ar € K and y,a3 € K.

III. PROBLEM STATEMENT

Consider the following class of systems:

M
(1) Apx(D)+ D A (x(0) +d(r), V120, (6)
=1

J

y(@) = Cx(1),

where x(1) = [x1(¢)...x,(r)]T € R" is the state vector, y(t) €
R? is the output signal, C € RP*" with C #0, d € &L
is the external perturbation, f/ :R" — R" with f/(x) =
LA ) o Sl )T, j € 1,M (M € N\{0}) are continuous



functions ensuring the existence of solutions of (6) in the
forward time at least locally and Ay € R™", k € O,_M

In this paper, it is assumed that if the upper limit of a
summation or a sequence is smaller than the lower one, then
the corresponding terms (or conditions) are omitted.

Assumption 1. For any i€ l,n, je1,M:
tf/(1)>0, VreR\{0}.
This assumption states that all nonlinearities belong to a
sector and may take zero values at zero only, and it is the
main restriction on the class of systems given in (6).

For further use, we denote_by the index m € 0, M, a positive
integer such that for all i € I,n, a € 1,m:

lim f (1) = 00

T—t
and by p € m,M, a positive integer such that for all i € 1,n,
bel,u

lim

V—+00 O

f (1)dT = +00.

The index m > 0 characterizes the radially unbounded nonlin-
earities, and m =0 corresponds to the case when all nonlinear-
ities are bounded (at least for negative or positive arguments).
The index u > 0 selects the nonlinearities having unbounded
integrals. Clearly, if m > 0, then all radially unbounded nonlin-
earities also have unbounded integrals, thus y > m due to the
introduced sector condition. Indexes m and u can be obtained
after a proper re-indexing and decomposition of the f/, and
the featured restriction of (6) is formulated in Assumption 1
(the sector condition).

Remark 2. The Lur’e models under the sector conditions
[28], [29] may be presented in the form (6) under As-
sumption 1. The advantage of (6) over Lur’e dynamics is
that all cross-terms between x; and fl:’ (x;) appearing in the
expressions of V and V can be accurately treated, rather than
be considered as perturbations (see [13] or the next section).
The same analysis in the conventional form of Lur’e model
can be less straightforward (especially for M > 1 and for
fiJ (x,-)fl.k(xi) with j ke l,M).

The principal goals of this work are to propose an approach
to check 10S, ROS, and SIIOS properties for the generalized
Persidskii system in (6), to apply the obtained conditions for
the synchronization analysis in a family of systems as (6),
and to design a nonlinear robust synchronization control in
this framework.

IV. IOS CONDITIONS
The main result of this paper is as follows:

Theorem 2. Let Assumption 1 be satisfied. If there exist 0 <
Py =P eRP*P, 0 < Py =P eR™", N =diag(A],...,A}) €
D? for je1,M, @ D!, Y eD?, Bk e D" for k€ 0,M, Y, , €
DY for s€eO,M—1, z€s+1,M and 0 < ® =0T € R"™" such
that

7]
P1>oorP2>oorZAf>o; 7)
j=1

P, <0,0<0,

where

Q1,1 Q1,2 Q13 Q1 ,M+1 Pc
o, Q22 23 Q2. M +1 Al
QI} Q;} Q33 Q3, M +1 A2
o= . . .
2 et M Q3 M+l Oprsimet AM
Pc Al A2 aM -0

Pc=CTP|C+Py; Q| =AJPc+PcAg+E)+CTYC;
QjHJ-H:AJTA-’+A-fAj+E-f,Jsl,M, Q1 j41 =PCAj+AJN +Y( ;, jeT,M;

Q1241 =AIANTH+ASAZ+ Y5z, se LM 1, zes+1, M,

then a forward complete system (6) is ROS if

M-1 M

M
IERENID I
k=0

s=0 z=s+1

M
¥ >0, ®+ZAf <&
j=1

b}

or I0S if

m
ZEk+2

k=0 s=0 z=s+1

M
P Sf‘l‘,®+ZAf <é
j=1

for some & > 0.

Proof. Consider a candidate Lyapunov function

V(x)= xTch+2ZZAJ/ fJ(T)dT

j=1i=1

©))

If P; >0, then

y'P1y <V(x) < ax(llxID, (10)

with @2(7) € Amax (Pc)T2+2nM  max

W [ 5]
iel,n,jel,M 0

a function from class #, so (3) is verified. If instead, P, >0
or Z“ A/ >0 (see (7)), then ay(||x|]) < V(x) < az(||x]||) for a
functlon a1 € Ko (due to Assumption 1) and the definition of
w. Since ||y|| <||C||||x]| with C # 0, then (3) is again satisfied.
Consider the derivative of V calculated for (6):

M n
xTch+xTch+ZZZA{fi] (xj)%;
j=li=1

M
= x7(a7Pc +PCA0)x+(Z fj(x)TA;-r)ch

J=1

M
T Pc Y Ajfl (x)+2x " Ped

j=1
M
+ZZ
j=1

M
xTAa— +d + (Z FSx)TA;

s=1

Ajfj (x).




Therefore, under (7) we obtain

X T X
1) 1)
Vv = : 0

M (x)
d

: —xT(CTwC+E%x
M (x)
d
M . . . M .
=D OTE () =23 AT Yo i (x)
J=1 j=1

M-1 M
23 Y W Y () +dT0d

s=1 z=s5+1

N

M
Mz

IA

T (CTYC+E%x-2 L) Y 2 f2(x)

]
—_

K s+1

z

E

—Zf’(x)T”’fJOC) 22 Yo, (x)+d" @d.

J=

If ¥ >0, then under the restriction 1y™Wy > d7®d we
conclude that

M
—xT(%CT‘I’C+EO)x - fo (x)T= I (x)

j=1

—ZZ Yo, /7 (x) - 22 Z £ Yo 2 f2 ().

s=1 z=s+1

V <

Now we have to show that there exists @ € & such that

M
a(V(x)) < xT(%CT‘I‘C+EO)x+Z FI0)TE I (x)
i=1
M-1 M !

+2Z Yo )42 ) ) F 0O e f ().

s=1 z=s+1

(1)

which is true taking into account the form of V and if
M-1 M

P1§§T,®+iAjs§ Z 123 3 Y

j=1 s=0 z=s+1

for some & > 0. The latter properties are imposed in the
theorem (the first inequality can be verified since ¥ > 0).
Hence,

1 .
zyT‘{‘y >d " dd =V < —a(V).

Recalling Remark 1, by Theorem 1, we conclude that the
system is ROS. To ensure the IOS property, if the function
@ € K in (11), then the property (5) can be guaranteed:

|
V>a'QdTdd) =V < —za(v),

which according to Theorem 1 and Remark 1 is necessary
to substantiate (the condition (3) has been already verified).
The function @ can be selected in the required class under the
introduced conditions (8) since only the first m nonlinearities
and the quadratic term are radially unbounded. O

Remark 3. In the case that I0S conditions are verified
with P, > 0 or Z;‘:l/\f > 0, the system is UBIBS, and the
requirement on forward completeness stated in Theorem 2 can
be dropped.

Remark 4. The Lyapunov function (9) was frequently used in
the absolute stability theory [28]-[30].

To formulate the conditions of OLIOS or SIIOS for the
system (6), note that according to Definition 3, the difference
between the corresponding Lyapunov functions is in the form
of the function a3 only (it can belong to the class # £ or
K). As we can conclude from the proof of Theorem 2, within
the applied framework, only a3 € # can be obtained. Hence,
we have to restrict our analysis to the SIIOS case and the
following additional hypothesis is needed:

Assumption 2. For any j € 1,m:
xTCTCf(x) >0, Vx eR"\ {x e R" : Cx = 0}.

The last assumption assumes that all unbounded nonlineari-
ties possess a kind of symmetry that C f/ takes zero on the set
where y =0 only. Such a restriction is satisfied if, for example,
f](s)—fl(s) for all i€2,n and j € 1,m, and C =T as in
(15), under which Assumption 2 is essentially an incremental
passivity condition for all nonlinearities [31], [32].

Theorem 3. Let assumptlons 1 and 2 be satisfied and C"C €
D" If there exist 0 < Py = PT e RP*P: AJ =diag(A?!,...,A}) €
D" with ker(A/) = ker(C) for jel,M; EX eDF for k € 0,M,
Y, efoor sEOM—-1,zes+1,M; and 0 <D =0T e R
such that

0 <0,

where the matrix Q is given in Theorem 2 under substitutions
¥Y—-0 Y;,—>CT Ys.C for s€0,M—1 and z € s+1,M,
2k — CTEKC for k € 0,M with P, =0, then a forward
complete system (6) is SIIOS if for some § > 0:

k=1 520 z=s5
Proof. Consider a candidate Lyapunov function

V(x)= xTCTPle+ZZZA]/ fl(r)dx,

j=1i=1

c. (12)

M
Py < ¢5°, ZAf <écT
j=1

then it is straightforward that (4) is verified for any P; >0 and
due to the imposed conditions on the kernels of A7 and C. The
derivative of V calculated for (6) under the assumptions of the
theorem can be upper estimated as follows for Q < 0:

M
Vs TCTECk- ) FiTCTEICH (x)
j=1
M .
—szTcTYO, iCfI(x)
=1

M-1 M
20 ) P WTCTY O () +dTod

s=1 z=s+1

and for the condition (12) there exists @ € #., such that
V<—a(V)+d @d,

which according to Theorem 1 and Remark 1 implies in our
case SIIOS. O



The conditions of both theorems, 2 and 3, can be combined
and also used for stability analysis (with d(¢) =0 for all # > 0):

Corollary 1. Let assumptions 1 and 2 be satisfied and there
exist 0 < Py =P €eRP*P, 0 < Py=P] e R"™"; EX e DY for
k e(),_M; A e D7 for j el,_M; Ys.2 efoorseO,M—l and
z€s+1,M such that

M
P2>OorZAq>O;QSO,

q=1
where
Q%l Q1,2 Q13 Q1 ,M+1
Q1 (&%) Q3 Q2 M+l
o- QT,S o7, 033 O3 M+1
2 et Lme 2w OM+1,M+1

Q1 1=AfPc+PcAg+CTEC: Pc=CTPIC+Py:
TAJ j Tej : .
Qji1jr1=AJN +AM Aj+CTEI C, jeT M
- TAJ T . .
Q1 j+1 7PCAJ-+AOAJ +C Y ;C. jel.M:

Q1,241 =ASAT+ASAZ+C Y5 2C, se M -1, z€s5+1, M.

Then the system (6) is UBIBS and lim;_, ||y (t,x0,0)|| =0 for
all xo e R" if

M M-1 M
NEZEIDIR )
k=0 s=0 z=s+1

Proof. Consider the Lyapunov function (9) with Pc =
CTP,C+Py. If P, >0 or Z'::IAZ > 0, then

ar((lx[) = V(x) < aa(llxl))

for some functions a1, @) € #, due to Assumption 1 and the
definition of . Hence, such a Lyapunov function is positive
definite and radially unbounded. The derivative of V calculated
for (6) with d =0 can be upper estimated as follows for Q <0:

M
V<—xTCTECx- 3 (1) CTEICH (v)
j=1

M ) M-1 M
—zszcTYO,ijf(x)—zz Z 5 TCT Y . CFE (x).
j=1

s=1 z=s5+1

Since YL EF+23M IS M Y . >0 and due to assump-
tions 1 and 2, there exists a function a € & such that

V<=a(lyl.

The proven properties of V and the fact that V < 0 implies that
all solutions of (6) are bounded: |[x(z,x0,0)|| < a; oozz’1 (llxolD)
for all xo € R" and all r+ > 0. Applying standard LaSalle
arguments [4], we obtain lim,_,|/y(z,x0,0)|| = 0, for all
xp € R™. O

Remark 5. A minor modification of the conditions given in
this section is needed if

y(0) =[x(n7Cy  (fxm)TCT (fM x0T Cy] "

The concepts of 10S and SIIOS can be used for many analysis
and design problems, e.g., for synchronization or estimation,
and the former issue is considered below.

V. SYNCHRONIZATION

A. Synchronization of a family of generalized Persidskii sys-
tems

In this subsection, we consider an application of the previ-
ously proposed theory.

1) Family of generalized Persidskii systems: Consider a
family of N > 2 systems of the following form:

M
i (1) = A oxz (1) + ) Acj 7 (v (0) + Bz (1) (13)
j=1

+d. (1), z€ I,N, V1 >0,

where x,(¢) = [x;1(¢)...x;,(#)]T € R" is the state vec-
tor of a subsystem, A, € R™" for s € 0.M, B, € R™",
uy (£) =[uz1(t)... u,(t)]T €R” is the controlled input, and
d.(t) € R" is the external perturbation, d, € Z; FI(xz(0) =
[f] ez 1(0) ... fil (xz2n())]T for j € 1,M are the functions
ensuring existence of the solutions of the system (13) in the
forward time at least locally. The sector restrictions on ff s
j €1,M are imposed as in Assumption 1.

In this study, we consider the synchronization of the com-
mon dynamics of (13), i.e., a system in the following form:

M
X(t)=AOX(t)+ZAij(X(t))+BU(t)+d(t), (14)
j=1
where X (1) = [x1(6)7...xxy(0)T]T € RN" is the state vec-
tor, Ay = diag(A;s...Ans) € RNN™ for 5 € 0,M, B =
diag(Bl...BN) € RNnXNr’ u@) = [ul(t)T...uN(t)T]T
RN" is the controlled input, d(r) = [d[ (t)---dx (1)]T
RN is the common perturbation, d € ZN"; FJ/(X(1))
[/ i ()T ... fI(xn()T]T eRN" for j € 1, M. Clearly, the
functions F/, j € 1,M also satisfy the sector condition. We
denote the consensus set of (13) as

Im m

W = {XeRanx,-:xl for ieZ,_N}

and we say that (14) is in the synchronous mode if X (1) €
W, for all t > 0. To quantify the closeness of the system to
the synchronous regime, we use a synchronization measure: a
continuously differentiable function p : RNV" — RN" such that
p(X) =0 implies that X € 7. The presence of the disturbances
d # 0 does not allow the system to be in the synchronous mode.

Then the robust synchronization problem can be set: to
design a feedback U = U(X) that renders the system (14) to
be I0S with respect to the output p and the input d. If d =0,
then such a control U pushes (14) to the synchronous mode.

2) Conditions of synchronization: In this study, the syn-
chronization measure p(X) is defined as

p(X)=TX, (15)
I, I, 0 .. 0
0 -1, I, - 0
where I'=| : : : : e RNnxNn
0 0 -1, I,
I, 0 0 -1,

Note that due to properties of F/, in the synchronization
mode T'F/(X) =0, for all je€l,M and X € W', i.e., an analog
of Assumption 2 is satisfied for FJ, jel,M.



The feedback to robustly synchronize the system (14) (to
stabilize the system (14) in IOS sense) is selected in the form
of diffusive coupling:

M
U= KOFX+ZKjFFj(X) (16)
j=1

with K € R"™V*"N for k € 0, M designed below.

Remark 6. The control (16) can also be selected in the form
of direct coupling [33]:

M
U =K()X+ZKij(X),

j=1
i.e., the coupling is diffusive if it is proportional to the
synchronization measure p as in (16), and it is direct if it
is given in the form of a generic state feedback. Both types of
coupling can be analyzed in the proposed framework, but for
brevity the synchronization conditions are formulated below
for the diffusive case only.

Substituting the control (16) into the equations of the
system (14) we obtain the following closed-loop dynamics:

M
X(1) = ApX (1) +ZAij(X(z)) +d(1), Y(1) =TX(1), (17)
j=1

where A = A + BKi I for k €0,M.

Clearly, the system (17) is in the form (6) and assumptions
1 and 2 are satisfied, then theorems 2 and 3 or Corollary 1
can be directly applied.

Corollary 2. If the 10S conditions of Theorems 2 are satisfied
under the substitution of p — nN,n —» nN,C - T, A}y — Ag,
k € 0,M, then a forward complete system (17) is robustly
synchronized.

Proof. As we remarked above, assumptions 1 and 2 are
verified by the system (17), and it is forward complete due to
hypotheses of the corollary. Then, the IOS property guarantees
boundedness of the synchronization error p in the presence
of essentially bounded perturbations d # 0, and asymptotic
convergence of the synchronization error to zero for d =0 (that
corresponds to the achievement of the synchronous mode). O

Corollary 3. If the conditions of Corollary 1 are satisfied
under the substitution of p — nN,n —» nN,C - T, Ay — Ag,
k € 0,M, then the system (17) with d(t) =0,V¥t € R, reaches
the synchronous mode.

Proof. 1t is a direct consequence of Corollary 1 since assump-
tions 1 and 2 hold. O

B. Robust synchronization of linear systems

Let us consider how the control gains K; € R™V*"N for
k € 0,M can be designed to ensure synchronization.

For brevity, in this subsection, we consider the robust
synchronization of two linear systems

-1
x:[;z] = Ax+Bu+d (18)

where x!,x2 € R" are the states, A € R¥>*21 B e R2Xm_, ¢ R™M
is the controlled input, d € R2" is the external perturbation, and
we assume two scenarios: either d € 2" or d is a nonlinear
function of the state x admitting an upper bound

2n
41> < 7 RO peil R} | ¥ +R2 i 7,

i=1

19)

where ¢ € (0,1), 7 > 1 are growth parameters and R°® =
diag(RS...R;,) € D¥" are given matrices for s €0,2. In the
latter case (18) is a nonlinear system, and if R'#0 or RZ#0,
then a linear feedback cannot ensure robust synchronization of
this system (in the sense of I0S), while Corollary 2 provides
a tool for synchronization of the system (18) with such a
disturbance.

For (18) we propose to use a feedback control in the form

u=Kolx+ KT f ' (x) + KT f2(x),

where Ko, K, K> € R™?" are the tuning gains,

|t I
F‘[In I,

is the matrix defining synchronization measure for N =2 (in

such case we may take I'= [1,, —I,,] without losing generality),
and f!, f? are the functions following the imposed conditions
of the system (6) and Assumption 1:

S ) = el Esign(x), f7 () = ] sign(x),
F@) =1 1), fo, (x2n)], Vi€ 1,20, j€1,2.
Then the resulting closed-loop system is
= Aox+A;f1(x) + Ay f2(x) +d, (20)

where Ag = A+ BKol', A; = BKiI" and A, = BK>I'. Using the
same arguments as in subsection V-A2, we define the output
function, or the synchronization measure, of (20) as

y(1) =Tx(2).
Applying the Lyapunov function from Theorem 2:

n

V(x) =xTPrx+222: ZAIJ ‘/XlZ fij(T)dT’
0

2
21
z=1 j=1 i=1

where Pr =TT PiI"+ P, for the system (20) its derivative is
calculated as

X X
o< [T SO T o, T T
V=L @l 70| (E'+I"¥D)x+¢d"d
d d

2 2
=23 Yo 7 (0)+2 ) xT(PrA; + AJAT + Y0 1) £ (x),
J=1 J=1

where =0, Yo, j,Aj are given in the formulation of Theorem 2,
& =¢l, and

AT Pr+Prag+0+rTyr 0 0 Pr
0 ATAL+ATA]  ATAZ4AlA, Al
6= 1 1
0 Alalea2a aTaZ+a24, A2
1 2
Pr A A ~¢b,



for some ¢ > 0. For the last term in V, applying Young’s
inequality for all cross-terms out the main diagonal:

1+< 1+¢
‘. bl Ll
Xi|x sign(xg) < s
l| k| g ( k) 1+€ 1+é,
] |X[|l+” 7T|xk|1+7r
X;i|xg | " sign(xg) <
l| kl g ( k) T+r7 l+nx

for any i # k € 1,2n, we obtain that if

6 <0, (22)

L, [(1+0)8(PrAy +AJ A +Lw(PrA; +AJ A
+0T (PrAj+AJ A +Y0,1] <0, (23)

1, [(1+7)6(PrAy + AJ A?) +nw(PrAs + AJ A?)
+w " (PrAy+AJAY) +Y( 2] <0, (24)

where §(&/) denotes the diagonal matrix having the diagonal
elements of &/, and w(</) has zero diagonal elements and
absolute values of other elements of &/, then

xT(PrAj+Ag A +Y0o,) f/(x) <0, Vje 1,2

2
hence, V < —xT (B2 +TTWI)x — zszYO, i x)+edd.
j=1
This allows us to present the main result of this section:

Theorem 4. Given Ko, K,K> € R™" [ € (0,1) and n > 1,
if there exist 0 < Py = Pir e RTX2n ()< P, = P;— € R2nx2n
N =diag(Af,...,N),) € D" for j € 1,2, @« D2, ¥ € D",
2k e D" for k €0,2, Y, €D for s€0,1, z€s+1,2 and
¢ > 0 such that

2
P1>00rPy>00r Y A >0; P, <6,
j=1
(22), (23) and (24) are satisfied, then a forward complete
system (20) is 10S (robustly synchronized) if

2 2
Pi<g¥, 0+ ) A <g|8%+23 Y
j=1 j=1

for some & > 0. If, additionally,

E'+TTYr > ¢RY, 2Y( ;> oR/, j=1,2, (25)

then for (19) the system is asymptotically reaching the syn-
chronous mode.

Proof. Assume that there exists a function a € #, such that

2
2a(V) <x" (8 +FT‘PF)x+ZZxTY0,]- Fi(x),
j=1
then under the restriction V(x) > a~'(¢d7d), we get V <
—a(V).
The selection of a € # follows the conditions:

2 2
Pi<g¥, 0+ A <g|2%+23 Y
j=1 j=1
for some ¢ > 0. The remaining steps repeat the proof of
Theorem 2. If the perturbation d satisfies (19), i.e., d'd <

xTRY%+xTR' f1(x)+xT R? f2(x), then for (25) under the same
conditions we get that V < —ea(V) for some € € (0,1),
implying global stability and convergence of the output I'x
to zero. O

VI. APPLICATION
The Hindmarsh-Rose (HR) model [34] is widely used to
investigate chaotic behavior in isolated biological cells and

neuronal dynamics (being a compact version of the general
case [35]):

Xy = ax%—x?—xz+X3+d,
X = (a +0/)x% - X7, (26)
3 = p(bxy—x3)+u,

where x = [x; x, x3]T € R? is the state, d € R is the disturbance
(equivalently applied current in experiments), u € R is the
control and a,a,u,b € R. Let 6 > 4—11 be an auxiliary parameter.
Then the system (26) can be rewritten as

g=aox+ar 1 (xX)+ar f2(x) +bu+d,
where 5=[001]T, d=[d00]",

27)

—ab -1 1 —l-a 0 O
ag=|-(a+a)d -1 O ,(yl:[—a—a 0 O},
ub 0 —u 0 0 0
a 0 0 xi xl(xi+x1+9)
ap=|a+a O 0],f1(x)= xg ,fz(x)z xz(x%+x2+0) ,
0 0 x3 x3 (x5 +x3+6)

the new nonlinearities f' and f? satisfy the sector condition

given in Assumption 1. Let us set the number of systems in
the family N =2, a=2.8, d=3.1,a=1.6, u=1073, h=9 and
6 = 0.3. Therefore, the common dynamics of models (27) is

X =AoX+A F (X)+AF*(X)+BU+D, (28)
where
_ [+t 6 1, |ut 2 i | FAED]
X—[xz eR,U—[uz]eR,F (X) = fj(xz)],\fjél,z,
[ 0 fas 0 — = |d
B—[O Z;]’AS_[O as]’vseo,Z,D—[dz

and x!,x?> € R? are the solutions of each of the couples HR
models (27). Evidently, the system (28) is in the form (14).
Consider a feedback control in the form (16), then U is a vector
of scalar controls affecting the HR model to synchronize the
system (28), we obtain the closed-loop system in the form (17)

X =(Ag+BKoD)X+(A+BK ) F' (X)+(A,+BK>,D)F?(X)+D.

The synchronization measure is selected as (15) with I =
[l -I]. Let

Ko = 0.4283 0.4820 0.1206
0= 10.5895 0.2262 0.3846|"

k. 2[00 0580] [0 0 02904
=10 0 0.2518)°"27 [0 0 0.6171

then following Corollary 2, there exist matrices solving the
proposed LMIs in Theorem 2. The norm of the difference e :=
x! —x? and the state trajectories x!,x> of the closed-loop sys-

tem with distinct initial states x!(0) = [0.12 -0.21 O.SO]T,




x*(0)=[0.41 091 0.88]" are shown in Fig. 1 and Fig. 2,
respectively. The simulation results imply that the system (28)
is synchronized by the feedback controller, while each separate
subsystem remains oscillating.

Jel

ey M 7
rots | ‘MAWWW

1020
o

50 100 150 200 250 300
t

Fig. 1. The norm of the synchronization error e versus the time ¢

- A

o 50 100 150 200 250 300
t

Fig. 2. The state trajectories x! and x? versus the time ¢

VII. CONCLUSION

In this paper, we proposed 10S, SIIOS, and ROS condi-
tions for generalized Persidskii systems. The conditions were
obtained in the form of LMIs. As an application of the
developed approach, the problem of the robust synchronization
of a family of generalized Persidskii systems was solved.
Furthermore, a robust synchronization method was proposed
for linear systems with essentially bounded perturbations also
admitting a hard upper bound in terms of the state components.
The efficiency of the proposed results was illustrated through
the synchronization of Hindmarsh-Rose models.
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