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Abstract

The problem of guaranteed cost control for exponential function projective synchronization (EFPS) for complex dynamical
networks with mixed time-varying delays and hybrid uncertainties asymmetric coupling delays, composing of state coupling,
time-varying delay coupling, and distributed time-varying delay coupling, is investigated. In this work, the uncertainties cou-
pling configuration matrix need not be symmetric or irreducible. The guaranteed cost control for EFPS of delayed complex
dynamical networks is considered via hybrid control with nonlinear and mixed linear feedback controls, including error linear
term, time-varying delay error linear term, and distributed time-varying delay error linear term. Based on the construction of
improved Lyapunov-Krasovskii functional with the technique of dealing with some integral terms, the new sufficient conditions
for the existence of the optimal guaranteed cost control laws are presented in terms of linear matrix inequalities (LMIs). The
obtained LMIs can be efficiently solved by standard convex optimization algorithms. Moreover, numerical examples are given
to demonstrate the effectiveness of proposed guaranteed cost control for EFPS. The results in this article generalize and improve
the corresponding results of the recent works.

Keywords: Guaranteed cost control, exponential function projective synchronization, complex dynamical networks, hybrid
uncertainties asymmetric coupling.
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1. Introduction

Complex dynamical networks, as an interesting subject, have been thoroughly investigated for the
past decades. The theories and applications of complex dynamical networks have become a hot topic
in the breakthrough of research methods of complex dynamical networks. These networks exhibit very
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complicated behavior and can be used to model and explain many complex systems in nature such
as computer networks, the world wide web, cellular and metabolic networks, transportation networks,
communication networks, disease transmission networks, electrical power grids [2, 12, 16, 34, 36, 37] and
so forth.

The problem of synchronization in complex dynamical networks (CDNs) has been extensively inves-
tigated over the part few decades. Synchronization of CDNs is one of the most important dynamical
mechanisms for creating order in CDNs. Meanwhile, a number of methods have been developed for
the synchronization of CDNs including complete synchronization (CS) [6, 22, 41], generalized synchro-
nization (GS) [38], exponential synchronization (ES) [4, 42], projection synchronization (PS) [24, 44], etc..
Recently, the new type of synchronization phenomenon in CDNSs, called function projection synchroniza-
tion (FPS) was introduced [1, 10, 11, 31, 44]. In these works, the nodes of CDNs could be synchronize
up to an equilibrium point or periodic orbit with a desired scaling function. In [44], the FPS in drive-
response dynamical networks with coupled partially linear chaotic systems was presented in which the
identical node dynamics was assumed and a simple control law was used. In [10], the problem of FPS of
(CDNs) with or without external disturbances using error feedback control and adaptive error feedback
control was investigated. In [11], a hybrid feedback control method was proposed for achieving FPS in
CDNs with constant time delay and time-varying coupling delay. Function projective synchronization
for complex networks with asymmetric coupling matrix via adaptive and pinning feedback control was
considered in [31]. However, all their results was concerned with FPS of CDNs. As far as we know,
there have still been few studies on exponential function projective synchronization (EFPS) for CDNs. So,
it is challenging to deal with the EFPS problem of CDNs with mixed time-varying delays and hybrid
uncertainties asymmetric coupling delays.

In the past few decades, control problems for synchronization have been widely studied in CDNS.
Many important synchronization control methods have also been developed for CDNs, for instance,
feedback control [10, 11], intermittent control [4, 5], sampled-data control [30], nonlinear feedback con-
trol [9, 32], pinning control [14, 29, 33, 43], adaptive control [25, 31, 40, 45], pinning adaptive control
[19, 25, 31, 39], and other control methods. When controlling a real plant, it is always desirable to design
a control system not only asymptotical stability but also guaranteed adequate level of performance. One
of the design approaches for solving this problem is the so-called guaranteed cost control approach first
introduced by Chang and Peng [7]. The guaranteed cost control for various dynamic systems has been
investigated in [3, 8, 21, 26-28, 35]. In [18], the guaranteed cost synchronization for a complex dynamical
network via dynamic feedback control was proposed. In [17], synchronization problem of a complex
dynamical network with probabilistic switches for the topology of a complex network was investigated.
Decentralized guaranteed cost dynamic feedback controller is designed to achieve the synchronization of
the network. The guaranteed cost control of synchronization for a class of complex delayed dynamical
networks with uncertain inner coupling configuration was investigated [20]. The coupling delay and node
delay was considered in the networks. In [23], the guaranteed cost synchronization control problem of
some general complex dynamical networks with delay was investigated and dynamic feedback controller
were designed for the pinning control of parts of the nodes in order for the system to achieve the guaran-
teed cost synchronization. Moreover, the guaranteed cost synchronization of delayed complex dynamical
networks with node uncertainties and coupling uncertainties was presented in [15]. So far, unfortunately,
there have still been few papers related to the topic of guaranteed cost synchronization of a CDNs with
mixed time-varying delays in the dynamical nodes and in the hybrid uncertainties coupling, including
constant coupling, discrete time-varying delay coupling, and distributed time-varying delay coupling,
simultaneously. Therefore, it is challenging to solve this guaranteed cost synchronization problem for
CDNe .

Motivated by the above discussions, this work is one of the first reports of such investigation to fur-
ther develop the guaranteed cost control problem for EFPS of complex dynamical networks with mixed
time-varying delays and hybrid uncertainties asymmetric coupling delays. The main contributions of our
study are as the following. Firstly, the definition of exponential function projective synchronization for
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complex dynamical networks is introduced. Secondly, the considered time-varying delays are different
from the time-delay case in [15]. The time-varying delays were mixed between discrete and distributed
time-varying delays in the dynamical nodes and in hybrid uncertainties asymmetric coupling, simul-
taneously. Thirdly, we do not assume that the uncertainties coupling configuration matrix needs not
be symmetric or irreducible, which is different from coupling in Refs. [17, 20]. Finally, for the control
method, the guaranteed cost control problem for EFPS is studied via hybrid control with nonlinear and
mixed linear feedback control, containing error linear term, time-varying delay error linear term, and dis-
tributed time-varying delay error linear term. The EFPS is different from control method in [17, 18, 23].
By constructing new and improved Lyapunov-Krasovskii functional with the technique of dealing with
some integral terms, the new sufficient conditions for existence of the guaranteed cost control via hybrid
control are expressed as linear matrix inequalities (LMIs). The obtained LMIs can be efficiently solved by
standard convex optimization algorithms. Numerical examples are included to show the effectiveness of
the proposed hybrid control scheme.

The rest of the paper is organized as follows. Section 2 provides some mathematical preliminaries
and network model. Section 3 presents EFPS of complex dynamical network with mixed time-varying
delays and hybrid uncertainties asymmetric coupling by hybrid control. Numerical examples are given
in Section 4. Finally, the conclusions are provided in Section 5.

2. Network model and mathematic preliminaries

Consider a complex dynamical network consisting of N identical coupled nodes, with each node being
an n-dimensional nonlinear dynamical system

t N
i (t) = f(t, xi (1), xi(t — Tl(t))/L " xi(s)ds)+p1 Y wh(G1+AGy(1))x(t)
oy =
N N t
+p2 ) Wi (Ga+ AGy(1))x(t—Ta(t) + p3 ) Wi(Gs + AGs(t)) L W (s)ds 2.1)
j=1 j=1 —02

+Ui(t), t=0, i=1,2,..,N

xi(t) = $i(t), t€ [~Tmax, 0], Tmax = max{ty, T2, T3, 01, 02, 03},

where x; (t) = (xi1(t), xi2(t), ..., xin (1)) T € R™ is the state vector of ith node; f : RT xR™ x R™ x R™ — R"
is a smooth nonlinear vector function which describes the local dynamics of nodes, and is continuously
differentiable and capable of performing abundant dynamical behaviors such as equilibrium points, pe-
riodic orbits, and chaos; U;i(t) € R™ is the control input of the node i; the constants p1,p2,p3 > 0
denote the non-delayed and delayed coupling strength, respectively; Gi, Go, G3 € R™*™ are constant
inner-coupling matrices; AG1(t), AGa(t), AG3(t) € R™*™ are the uncertainties of inner coupling matrices;
Wy = (w Wi Linsn, Wo = (w %j INxN, W3 = (wifj InxN € RNXN are the coupling configuration matrices rep-
resenting the coupling weights and topological structure for non-delayed configuration and delayed one
at time t, respectively, in which wi w and w {; are defined as follows: if there is a connection between

ij7 i
node i and node j (j # i), thenw >0, w, >Ow > 0; otherwise, wi, =0, w?, —O,wij:O(]#l),and

ij ij ij
the diagonal elements of matnces W1, W,, and W3 are defined by

N
3 .
Z wl),w Z WWW3u:— Z wij,1:1,2,...,N.

j=1i#j j=Li#j j=1,i#j

Suppose that C([—Tmax, 0], R™) is the Banach space of continuous functions with the norm

[bill = sup  [[bi(s)].

—Tmax <0

The initial condition function ¢;(t) denotes a continuous vector-valued initial function of t € [—Tmax, 0.
Under the initial conditions, we always assume that (2.1) has a unique solution.
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For this synchronization scheme, we set the error vector in the form ei(t) = xi(t) — «(t)s(t), i =
1,...,N, where «(t) is a continuously bounded differentiable function. Then, substituting it into (2.1), the
error dynamics network is given to

éi(t) = xi(t) — &(t)s(t) — x(t)$(t)

t t
_ f(xi(t),xi(t—mt)),J xi(s) ds) — a(t)f(s(t), s(t — 11 (1), J 5(0) do)
t—oq(t) t—o1(t)
N N
+p1 Y wh(G1+AG (1)ej(t) + p2 Y wh(Ga + AGa(1)ej (t — (1)) (2.2)
j=1 j=1
N t
+05 Y W(Gs+ AGg(t))J | ) ds =l £ (D), =1, N,
j=1 t—oy(t

Definition 2.1. Network (2.1) with mixed time-varying delay is said to achieve exponential function pro-
jective synchronization (EFPS) if there exists M > 1, 6 > 0 and a continuously differentiable scaling
function «(t) such that

tlim llei(t)|| = tlim [xi(t) — a(t)s(t)]| < Mi||pi — aw][e™®t, YVt >0, i=1,2,...,N,
—00 —00

where ||.|| stands for the Euclidean vector norm and s(t) € R™ can be either an equilibrium point, or a
(quasi-)periodic orbit, or an orbit of a chaotic attractor, which satisfies

t
$(t) = f(s(t),s(t—’q(t)),J s(0)do), Vt>0, s(t)=w(t), t€ [—Tmax 0l (2.3)

t—o(t)
Remark 2.2. If the scaling function «(t) = 1 or «(t) = —1, then the synchronization problem will be

reduced to the complete synchronization or anti-synchronization. If the scaling function «(t) = 0, then
the synchronization problem will be turned into a chaos control problem.

In order to stabilize the error system of uncertain delayed complex dynamical network (2.2), the
following dynamic hybrid controllers U;(t) such as

Ui (t) = Uip (B) + Uip(t),i=1,2,..., N, (2.4)

where
Uir (t) = &(t)s(t), Uga(t) = Briui(t) + Bojui(t —3(t)) + BSiJ ui(s) ds,

t—o3(t)

where u;(t) = Kjei(t) and K;, 1 =1,2,...,N, is constant matrix control gain. In this work, our goal is to
design suitable K; such that the complex network (2.2) is exponentially stable. Then, substituting it into
(2.2), we get the following;:

ei(t) = xi(t) — &(t)s(t) — x(t)$(t)

= f(xi(t), xi(t — T1(t)),J

t*()'l(t)

xi(s) ds)—oc(t)f(s(t),s(t—Tl(t)),Jt s(0) do)

t—o1 (t)

N N
+p1 ) wii(G1+AGy(t))e;(t) + p2 ) Wi(Ga + AG,(t))ej (t—Ta(t))
j=1 j=1

N t 2.5)
40 Y wi(Ga +AGs(1) | e ds B () Bt (1)
j=1 t—oo(t
t
+331J ui(s)ds, i=1,...,N,
t—o3(t)

ei(t) = @i(t) = di(t) —a(t)w(t), t€ [~Tmax, 0, i=1,...,N.
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Define the following quadratic cost function of the associated network (2.2) as follows:

N

J=2 r" [ef (1) Quiei(t) +uf () Qaiwi()]dt, (2.6)

i=1

where Q1i, Q21 € R™ ™ are positive definite matrices. The guaranteed cost control problem to be ad-
dressed in this section is formulated as follows.

Definition 2.3. For the uncertain delayed complex dynamical network (2.1) and the quadratic cost function
(2.6), if there exist feedback control laws u(t) = Kjei(t), i =1,2,...,N, and a positive number J* such
that the error network (2.5) is EFPS, and the corresponding value of cost function (2.6) satisfies | < J*,
then J* is said to be a guaranteed cost and u;(t),1=1,2,...,N are said to be the guaranteed cost control
laws for the EFPS of delayed complex dynamical network (2.1) with the quadratic cost function (2.6).

Remark 2.4. If T1(t) = (t) =0, 01(t) = 02(t) =0, p1 =1, p» = p3 = 0 the network model (2.1) turns into
the complex dynamical network proposed by Lee et al. [18] as

N
xi(t) = f(xq(t)) + Zw%jxj(t) +Ui(t), i=1,...,N.
i—1

If py = p3 =0, po =1, for constant delays T;(t) = 11, T2(t) = T2 and 04 (t) = 02(t) = 0, then the network
model (2.1) is translated into

N
xi(t) = f(xq(t), xi(t—11)) + ZW% (Gy +AGl(t))Xj(t—T2) +Ui(t), i=1,...,N. (2.7)
j=1

The complex dynamical network (2.7) was considered in [20]. For time-varying delays, 11 (t) > 0, T2(t) > 0
and f(xi(t),xi(t — 1)) = (A+AAxi(t) + gi1(xi(t)) + g2(xi(t —Ti(t))), the network model (2.7) turns
into the complex dynamical network presented by He et al. [15]. Hence, our network model (2.1) is
more generalized than previous network models, which can be regarded as special cases of the complex
dynamical network (2.1).

In the rest of this paper, we need the following assumptions and some lemmas.

Assumption 2.5. The time-varying delays functions ti(t) and oi(t), i = 1,2,3 satisfy conditions that T;(t) is
differentiable, 0 < Ti(t) < 11, 0 < 0y(t) < 0, 1=1,2,3, 0 < 1i(t) <Bj <1,j=1,2and 13(t) < B3 # 1.

Assumption 2.6. The matrices AGy(t), AGa(t), AG3(t) € R™*™ denote the uncertainties in system and they are
of the forms

AGq(t) = DiF(t)E1, AG2(t) = DaF(t)Es, AGs3(t) = D3F(t)Es,

where D1, Dy, D3, Eq, Ea, B3 are known constant matrices and F(t) unknown real time-varying matrices with
Lebesgue measurable elements bounded by
FT(t)F(t) < L

Lemma 2.7 ([13, Cauchy inequality]). For any symmetric positive definite matrix N € M™*™ and x,y € R™
we have
+2x Ty <x"Nx+y N1y

Lemma 2.8 ([13]). For any constant symmetric matrix M € R™*™ M = MT > 0, v > 0, vector function
w : [0,v] = R™ such that the integrations concerned are well defined

(JY wT(S)dS>TM(J'Y w(s)dS) < YJ;/ wT(S)Mw(S)ds.

0 0
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Lemma 2.9 ([13], Schur complement). Given constant symmetric matrices X, Y, Z with appropriate dimensions
satisfying X = X1, Y = YT > 0, then X+ ZTY~1Z < 0 if and only if

XZTO —YZO
Z_Y< or ZTX<.

3. Guaranteed cost EFPS of delayed complex dynamical network

In this section, we give some sufficient conditions for guaranteed cost EFPS of complex dynamical
network with discrete and distributed time-varying delays and hybrid uncertainties asymmetric coupling
delays (2.1) via hybrid control. Let us set

loill = [lei(0)], ll@illct=sup [lei(s), Mi=Amin(Pi), Pi =Amax(Pi 1),
_Tmax<3<0
N . - 28T . L 1- 28T
Of :; [Amax(Pi RiP; )T +>\max(Pi Sipi )T
1— —20T3 1— —2807
+ )\max(Pi_ilZiTui_ilziPiil) 35 + O—%Amax(PglviPiil)ezié
_ _ 1_6—250"2 _ - _ 1_6—2563
+ G%Amax(Pi 1TiPi l)T + O-é}\max(Pi lz—irwi 1ZiPi 1)T]/
Mi = pifl@il* + oil|@il21,
and
1. J1 = f/(t,s(t),s(t — Tt ft o1t £)d&) € R™™M s the ]acobian of f(t x(t), x(t —T1(t)),
L o x(s) ds) at s(t) with the derlvatlve of f(t,x(t), x(t—m(t jt o1 s) ds) with respect
to x(t),

2. Jo = f’(t s(t),s(t — Ty (t ft o £)dE) € R™ M is the ]acobian of f(t, x( ), x(t — 11(t)),
ft o s)ds) at s(t — T (t)) w1th the derivative of f(t,x(t),x(t — T1(t ft o s) ds) with re-
spect to x(t T1(t)),

3. Jo = f’(t s(t), s(t — Ty (t ft o1l £)dé) € R™ ™ is the Jacobian of f(t,x(t), (t—'tl(t)),
ft o (1) X(8) ds) at ft o (1) S(E) d& w1th the derivative of f(t,x(t), x(t —T((t ft o s) ds) with

respect to fticl(t) x(s )ds.

Theorem 3.1. Consider the close-loop error dynamical network (2.5) with the quadratic cost function (2.6), & > 0,
Q11 > 0,and Qz3 >0,1=1,2,...,N. If there exist symmetric positive definite matrices P, Ry, Si, Ui, Vi, Ty, Wi
and matrices Zi, 1 = 1,2,..., N with appropriately dimensions and positive scalars €;,j = 1,2,...,8, such that the
following LMIs hold:

[ Ty Z7T kiz! PiJL PJ; piNPiG]  pINPE] Q ZTQai T
* —U; 0 0 0 0 0 0 0
* x =KW, 0 0 0 0 0 0
* * * —eq1 0 0 0 0 0
T = * * * * —eol 0 0 0 0 <0, (31)
* * * * * —p1e3NI 0 0 0
* * * * * * —p1egNIT 0 0
* * * * * * * —Qui 0
L = * * * * * * * —Qo2i
[ —e2°T2(1—B5)S; p2NPiGJ  poNPiE
I = * —p2e4NI 0 <0, (32)
L * *9267NI
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ﬂZi = * —9385NI 0

* * —p3€8NI

(3.3)

—e 2292, p3NP;GJ p3NPiE3T]
<0,

where

G 0 O
M = * T 0 |,

* * F133
N
Firn = Pi(J] +81) + (J1 + 81)Ps — B1iZi — Z{Bf; + Ry + Si + 07Vi + 03Ty + prea( ) (wihj)?)1
j=1
N N 02573
+p2es( ) (W) I+ paes( ) (w] — — BJU;By; 4+ 2°BLW;Bs;
j=1 j=1
N N N
+p1e6D{ Z 2)D1 + p2e7D7 () (Wh)*) D2+ paesD3 (D (w3;)*) D3,
j=1 j=1

My = —e 27 (1= B1)Ri + &1,
Mz = —e 2V + e,

then the controlled complex dynamical network (2.1) is EFPS with the system (2.3). Moreover, the feedback control
is
wi(t) =—2ziPtei(t), i=1,2,...,N, t>0, (3.4)

and the upper bound of the quadratic cost function (2.6) is as follows:

N 0 0
J<> [eiT(O)Pi_lei(O)%—J e?®se! (s)P'RiP ei(s )ds+J e?®sel (s)P'SiPtei(s) ds
i=1 !

—T

0 0 (0
+J' e?sel (s)P1ZIu1ZiP te(s )ds+01J J e?®®el(0)P1ViPtei(0) dOds (3.5)
—T3 —01JS

0 0 0 0
+02J J ezweiT(e)Pi_lTiPi_lei(G)d@ds—i—cmj J e?®0el(0)P1ZI W 1ZiP ey (e)deds]
—0pJs s

— oy
Proof. Since f(.) is continuous differentiable, it is easy to know that the origin of the nonlinear system
(2.2) is an asymptotically stable equilibrium point if it is an asymptotically stable equilibrium point of the
following linear time-varying delays systems

t

N
éi(t) = Jiei(t) + Jrei(t — 11 (t)) + Jo, J ei(s)ds+p1 ) wij(G1 + AGy(t))ej(t)

t—oq(t) j=1

t

N N
+pZZw%j(Gz—I—AGz(t))e]-(t—Tz(t))+p3Zw%(G3+AG3(t))J ()ej(s)ds (3.6)
i—1 i—1 t—op(t

t

+ Briui(t) + Bojui(t — t3(t)) + B3ij ui(s)ds i=1,...,N.
t—o3(t)

LetY; =P Land yi(t) = Yiei(t). Using the feedback control (3.4), we construct the following Lyapunov-
Krasovskii functional candidate:

7
=> V(1)
k=1
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where

i=1
N ¢
Va(t) =) €2 Ue{ (s)YiR: Viei(s) ds,
i=1 Jt—Ty(t)
N .t
V3(t) = Z ezs(s*t)ez(s)YiSiYiei(s) ds,
i—1 Yt T2 (t)
Nt
Vi(t) =) e U] (s)U ui(s) ds,
i=1 t—13(t)
N 0 ot
Vs(t) =01 ) e?20=HeT(0)Y; Vi Y ei(0) O, ds,
i=1 J—oqp Jt+s
N 0 ,t
Vol(t) =02 ) e Vel (8)YiT,Yie(6) dbds,
i—1 Y02 t+s
N 0 ~t
Vo(t) =03 ) 2@~y T (0)W, u;(0) dods.

i—1 J—o3 Jt+s

It is easy to check that

D millei(®)]* < Vit e(t), vt>0. (3.7)

Taking the derivative of V(t) along the trajectories of system (3.6), we have the following:

t

N
—ZZyl [Jm )+ Jrei(t—Ti(t ))+101J ei(s)ds+p1 ) wij(Gi+AGy(t))ej(t)

t—oq(t) j=1

t

N
+p2ZW%J‘(GZ+AGZ(t))ej(t_T2(t))+p3ZW%j(GB+AGB(t))J ( )ej(S)dS
j=1 j=1 t—oy(t

+ B1iui(t) + Bojui(t —t3(t)) + B3y J ) ds

t0'3

N
= T [PeOT + 80 + (1 + 8P Brizi — 2T BT wst +22y1 o Py (t— (1)

i=1
N

t N N
123 T (U)]6P J yils) ds +201 3 T (1) S wh(Gr + AGy (1))Pyy; (1) — 25Va(t)

i1 t—o1(t) i=1 j=1
N

N
+szzy1 ) D W (Ga+ AGa(1))Piys (t—T2(t) +2 ) y{ (1)Boiui(t —T3(t)) (3.8)
i=1 j=1 i=1
t N t

N N
+p3 ) yi(t)) wh(Gs+AGs(t))P; J yj(S)dS+ZZyiT(t)BsiJ ui(s) ds,
im1

j=1 t—oy(t) i=1 t—oj3(t)

Va(t) < Y [yl (ORwi(t) = e 271 (1= By)y] (t— ()Rt — w1 (1)) —28Va (1),
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o8

Va(t) < Y [yl (08w (t) — e (1= Bo)y] (t — (0 Siyi(t—Ta(t)) | —28Va(0),
i=1
N
Va(t) <)yl (OZ{U7 Ziyi(t) — e 2™ (1 — Ba)u (t — 75 (1)) U; Mt —Ts(t))} —25V4(t),
1:1 - .
Vs() < 3 [T (Va0 —one 20 [ yT(s)Viyi(s) as] —26V5(0)
i=1 t—oy
N1 ) t
Vs(t) < 3 |03y (O)Tayi(t) —Gzezwzj y{ (s)Tiyils) ds} —28Vs(t),
i=1 t—o

t
V7(t) <

ul ()W Tui(s) ds| — 285 (1),

M-

.~
I
KR

cr%u (t )W_ u;(t )0‘36_2603J
t—o3

According to Lemma 2.7 and Lemma 2.8, we have

2Zy1 )« Piyi(t—m(t <ny1 JPiJ 5, ) Piyi(t)

(3.9)
+€1Zy1 (t—m(t)yilt—1(t),
N t
23 yT(0)e,P L N Zyl P Jo, Pryi(t)
=1 - (3.10)
N ot . t
; d i(s) ds,
_'_Ezigljtcrl(’c)yl (S) SJtcrl(t)y (S) )
N 25t; N
2ZHi (H)Boiui(t —T3(t)) < 1— B3 Yi ( )B;iuiB2ly1( )
= = N (3.11)
+e PB(1—B3) Y uf (t—T3(t)) x Uy it —3(t))
i1
N N N N
200 ) yi{(t)) whGiPiy;(t) <pr) D [3391 i)yilt)
i=1 j=1 i=1j=1
+ ] (PG 6Pyt )]
—Zsta {(Dyi(t)
0 (3.12)
+ZZ o1 T P G Glplyl( )
i=1 1
N . N
= [prea( YWl Wy
i1 =1
Np1 T

+ =yl (PG GiPui(b)],
€3
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N N N N
200) yi(t)) whGPiyj(t—m(t) <p2 ) ) [5491 ) yi(t)
i=1 =1 i=1j=1
1
Syl (t-n(t)PG] Gzpiyj(t—n(t))]
(3.13)
N N
=) {0284 > (wi (tyi(t)
i=1 j=1
N
+ ﬂle(t T(t))PiG; GaPs x yi(t—Tz(t))},
N t
23 yTi0Bs | wils)ds < 50 S 4T (UBL W, Byt
i=1 t—os(t) i=1
Nt t
+ e 2003 ZJ uiT(s) dsWi_lj ui(s) ds,
i Jt—os(t) t—o3(t)
(3.14)
26"32131 )B3iWiB3iyi(t)
Nt
+ o3¢ 2003 ZJ u{ (s)W ui(s) ds,
i=1 t—o3
N N t
2PsZUI(t)ZW%(33PiJ 93Z [8591 $)?yilt)
im1 =1 t_GZ(t) i=1j—1
1 t t
+ = g}(s)dsPiGgeg,PiJ yj(s)ds} (3.15)
€5 Jt—oy (1) t—o(t)
N N
=> [9385 > (tyi(t)
i=1 j=1
N t t
+ =3 J yl (s) dsPiGgGgPiJ yils) ds|,
€5 Jt—oy(t) t—o2(t)
Nt Nt
—oe 2 ZJ yi (s)Viyi(s) ds < —oy (t)e 2 ZJ yi (s)Viyi(s) ds (3.16)
i=1 t—o, i=1 t—oq(t)
Nt t
cee @y [yl ws
i=1 t*O'l(t) t*()'l(t)
Nt Nt
—oe Y [ T Tyl ds < —oae P Y |yl Tl as
i—1 t—os i—1 t—oy(t)
(3.17)
Nt t
coe ey | ylea|  wis)as
i Jt—oa(t) t—o2(t)
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According to Assumption 2.6 and Lemma 2.7, we have

N N
201 ) _yi(t) ) wiAG(t)Piy;(t) =2p1 ) Y yi (t)wi;D1F(t)E Piy;(t)
i=1 j=1 i=1j

(3.18)

N N N
ZpZZyiT(t)Zw%jAGz Piy;(t —o(t ZZ tyw? sD2F(t) E2Piy;(t — 1o(t))

<0 [syyi(t)DzT(w%j)zDzyi(t)
i=1j=1

+ éy]T (t—To(t))PiEJFT (t)F(t)ExPiy;(t — Tz(t))} (3.19)

N N
< [paeryl (UDI (Y~ (W3)2) Dayi (v

i=1 j=1

+EHIT(’C Tt ))PiEzTEzpiyi(t*Tz(t))},

t

N N t
2p3 ZyiT(t)Zw%jAG_g(t)PiJ ’ ) )ds *2932291 D3F t)E3P; L (t)yj(s) ds
. . t—op —0)

11]1

< p3 Z Z syl (VD] (w;)2Dsys (1)

i=1j=1
1t T TeT t (3.20)

+ 7J yj (s) dsPiEgF (t)F(t)EgPiJ yj(s) ds} :
€8 Jt—oy (1) t—oa(t)

N N

<) {935891 3 ()_(W})*)Daylt

i=1 j=1
N t t

+ ﬁj yI(s) dsPiE;EgPiJ' yi(s) ds}.

€8 Jt—op(t) t—o;(t)

Hence, according to (3.8)-(3.20), we have

Yyl (O[PiOT +81) + (1 + 81P; — By Zi — ZTBf, + Ri + ¢

N
V(t,e(t)) +26V(t, e(t)) < Z
i=1

_ _ 1 1
+Z{U' Zi+ 01 Vi+ s T+ 03Z{ W ' Zi + aPiILInPi + gPi]cTmePi

N N N
+pres( D (W) T+ paea( ) (WH)H) T+ pses( D (wh)?)1
j=1 j=1 j=1
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257, N

e

1 3; ——— B UiBo; + e BJ;W;Ba; + p1egD{ () _(wi;)?) Dy
j=1

Npq

N
P1 PLETEP;
€6

el iG] G1Py + ——

I\/]z

+92£7Dz( (w ))D2+

_.
I
-

I\’]z

+paesD (3 (w 3)7)Ds |y (1

H
I
_

Fyl (b= () [ = e (1= BR + 1 yi(t — T (1))

N
—l—y?(t—n(t)){—e’zhz(l—ﬁ )S; + sz .GIG,P;

N N t
+ ﬁp E2 EZPi]yi(t—Tz(t)) pSP E3 E3P; ] J yi(s) ds
t—oa(t)
t t
—|—J yiT(s) ds[—e_z‘salvi—l—ezl} J yi(s)ds
t—oq(t) t—oq(t)

t Np3
+J le(s) dS|:—€7260‘2Ti+87P1G;—G3Pi
5

t—os(t)

I\/]z

T ONRE®) +uT (L= 2(0) Dyt —Ta(t)

i

1
t t
+(J e as)n([ vl as) el Wte],
t—o2(t) t—o2(t)
where
liin 0 0
I = ¥ T 0 |,

k * r‘i33
M1 = Pi(J] +80) + (J1 +80)P; —BiiZi — ZI B, + Ry + Si + Z{U'Zi + o2 V;

N
1 1
+ 03T+ 3ZTW, ' Zi 4 P JuJuPit — P iJoJo Pi 4 pres( ) (wh)?)1
j=1

N N 267,
+ p2es Z1 D1+ p355(Zl(w§’.)2)1 T ——— B U;iBy; + e® Bl W;B3;
j= j=
N N Np
+p1eeD] () (W)?)D1+ paerDJ (D (wh)?) Do+ 1P G{ G1P;

j=1 j=1
Npl

I\/|z

o PETEPi+ psesD3 () (WH)*)Ds + PiQuiPi + Z{ QuiZy,

-
I
—

Moo = —e 22T (1 — B1)R; + &1,
Iz = —672561\/1'L + &1,

Np2 Np2
d)i = —672512(1 — B )S + 7]) Gz GZP + P E;—EZPI/

Nps Nps
Y =—e 20T + PG3G3P+ PE3E3P1,

(3.21)
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Y =Qqi + Pi_lziTinZiPi_l,

&) = | i(tJ,yi(t—mt)),f

yils) ds}.
t—o1(t)

Applying Schur complement lemma and Lemma 2.9, the inequalities I'1 < 0, ®; < 0, and ¥ < 0 are
equivalent to TTy; < 0, TTy; < 0, and TT3; < 0, respectively. Thus, from (3.1)-(3.3) and (3.21), we obtain

V(t, e(t)) +28V(t, e(t ZeI JWiei(t), Vt=0. (3.22)

Since¥; >0,1=1,2,...,N, we obtain
V(t,e(t)) < —26V(t,e(t)), Vt=>0. (3.23)
Integrating both sides of (3.23) from 0 to t, we have
V(t,e(t)) < V(0,e(0))e 2%, vt > 0.

Furthermore, taking condition (3.7) into account, we have
Zm lei(t)]|* < V(t,e(t)) < V(0,e(0))e 2, vt > 0.

Because V(t, e(t)) is radially unbounded, by the Lyapunov-Krasovskii theorem and the solution |[e;(t, ¢)||
of the close-loop error dynamical network (2.5) satisfying

M.
st ol <y e o120 N, vz,
1

it implies that the error complex network (2.5) is exponentially stable under the hybrid controller (2.4).
Consequently, the controlled respond complex dynamical network (2.1) is EFPS with the drive system
(2.3).

Furthermore, from (3.22) and V(t, e(t)) > 0, we get the following

Z el (t)Wiei(t), Vt>0. (3.24)

Integrating both sides of (3.24) from 0 to t, we obtain

N ot
> | elientt) < Vio,e(0) — Vite(t) < VOe(0)), ¥tz 0.
i=170

Due to V(t,e(t)) > 0, we get

N ot
ZJ t)Wiei(t) < V(0,e(0)) Vt>0.
i=1

Given t — oo, we obtain

N

1= | elwwen < voeo) -7

i=1

The proof is completed. [
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Remark 3.2. This is the first time for investigating the guaranteed cost control for exponential function
projective synchronization for complex dynamical networks with mixed time-varying delays and hybrid
uncertainties asymmetric coupling delays. There are many works consider the guaranteed cost control of
complete synchronization for complex dynamical networks with or without coupling delays [15, 17, 18,
20], where the scaling factor is a constant («(t) = 1). Hence, our results are superior and have greater
applicability.

Realistically, we need that the system to have an optimal performance. The following theorem presents
a method of designing suitable controllers, they can minimize the upper bound of the quadratic cost
function (2.6) for the exponential function projective synchronization for complex dynamical networks
(2.1)

Theorem 3.3. Consider the close-loop error complex dynamical network (2.5) and the quadratic cost function (2.6),
the optimization problem:

N
min D {wi + Tr(Mys) + Tr(Mas) + Tr(Mas) + Tr(Hys)
(e1,€2,€3,€4,€5,€6,€7,€8,P1, R, S1, Ui, Vi, Ty, Wi, Z4) i
+ Tr(Hoi) + Tr(Hszi)} (3.25)
subject to
(1) LMlIs (3.1)-(3.3), ) —Msi  Ng; <0,
[ —w; e (0) ] L+
(ii) ' <0, [ —Hy; LI
* —P; i 1i 1i
: . N ] <
—Mii Ny  Ho. T
(111) I * _ﬁi < O, (Vll) ];121 E%[“}l :| < 0,
. [ —Myi N;i 1 oo | —Hs; Léri
(iv) . s, | <0, (viii) . W, <0,

such that if a feasible solution set of €5, (j = 1,2,...,8), P;, Ry, Sy, Uy, Vi, Ty, Wy, Zy, (i = 1,2,...,N), then the
controller (3.4) is an optimal reliable guaranteed cost control law which ensures the minimization of quadratic cost
function upper bound given in (3.5) for the exponential function projective synchronization of uncertain complex
dynamical network (2.1), where

0 0
NliNlTi = J 626561(8)63(5) ds, NZiNzTi = J ez‘ssei(s)eiT(s) ds,
—T —T2
0 0 (0
NgiN; = J e?®ei(s)el (s) ds, I_nI_lTi = Glj J e?%%;(0)e! (0) dods,
—T3 —01JS8
0 (0 0 (0
Iyl); = GzJ J e*®%;(0)e{ () dods, Ly = G3J J e*®%;(0)e{ (0) dods
—o0p Js —03JS

and Tr(.) denotes the trace of matrix.

Proof. Define P~1R{P~! =R, P71S;P~1 =S, p1ZzIu ' zip~t = UL, PlviPl = VL PITiP! =
Ti_ L P_1ZiTWi_ 1zip~1 = Wl_ 1. First, by Theorem 3.1, the feasibility of LMIs (3.1)-(3.3) knows that the
uncertain complex dynamical network (2.1) can realize exponential function projective synchronization.
Next, it follows from Lemma 2.9, (ii)-(viii) in Theorem 3.3 are equivalent to the inequalities eiT (0)P~1e;(0) <
wi, N Rleli < My, NTS?lNZi < My, N;ﬂ;lNﬁ < Msq, LT-\N/-ilLli < Hyi, Ll T.ilLZi < Hoy,

111 2iY1 111 211
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L;Wf 4 < Hsi, respectively. Moreover, note that utilizing the trace operator allows one to compute
the following expressions

— Tr(NziNzTig_l) — Tr(N§i§—1N2i),

i i

0 0 r0 0
GZJ J e?%%el ()P 1T;Pley(0) dOds = o J %%l (0)T. 1ei(0) dOds
—0pJs S

0
=0 J ezéeTr<eiT(9)T-_1e~
—02 JS

'
@
N———
o
D
o
w

=Tr(Laldi 1) = Tr(LET '),

0 (0 0 0 ~

O'3J J e?®0el (0)P~1ZIW,1Z;Pe;(0) dOds = 03 J e?®%el (0)W e (0) dOds
—03Js S

J—03

0 (0 }

— 05 J e259Tr(eI(e)W;1eI(e)) d0ds
—03Js

= Tr (Lol Wi 1) = Tr (LR W 0.

Therefore, in view of (3.5) one can easily deduce that the following inequality

= i {eI(O)Pflei(O) + Tr(NlTifz;an) Tr (N}igglNﬁ) n Tr(N;ﬂglNg,i)
i=1

4T (LlTinlLu> FTr (L}ﬁ;lLﬁ) T (L;W;ngi) } (3.26)

N
< > {@i+ Tr(Mag) + Tr(Mag) + Tr(Mse) + Tr(Hae) + Tr(Hag) + Tr(Hso) },
i=1
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is always satisfied. This shows that minimizing the right-hand part of (3.26) is equivalent to the mini-
mization of the upper bound of the quadratic cost function (2.6) which is given in (3.5). Hence, the proof
is completed. O

In addition, when p; = p3 = 0, p2 = 1 and distributed delays o7(t) = 03(t) = 0, the network model
(2.1) is translated into

N
xi(t) = f(xq(t), xi(t—T1(t))) + ZW%]-(G1 +AGl(t))Xj(t—T2(t)) +U;i(t), 1=1,...,N. (3.27)
=1

The closed-loop system for the dynamical error between the complex dynamical network (3.27) and the
synchronization state (2.3) with o1(t) = 0 can be written as

N

= f(xi(t), xi(t —71(t))) — ax(t)f(s(t), s(t —Te(t))) + ZW% (G2 +AGa(t))ej(t —T2(t)) (3.28)
=1 :
+Briui(t) + Boiui(t—73(t)), i=1,...,N,

ei(t) = @i(t) = di(t) —a(t)w(t), t€ [~Tmax, 0], i1=1,...,N.

According to the proof technique in Theorems 3.1 and 3.3, the guaranteed cost control of exponential
function projective synchronization for the uncertain complex dynamical network (3.27) can be easily
obtained. Thus, we can get the following result from Theorems 3.1 and 3.3.

Corollary 3.4. Consider the close-loop error dynamical network (3.28) with the quadratic cost function (2.6), & > 0,
Q1i > 0,and Qa1 >0,1=1,2,...,N. If there exist symmetric positive definite matrices Pi, Ri, Si, Ui and matrices
Zi, i =1,2,...,N with appropriate dimensions and positive scalars ¢;, j = 1,2,3 such that the following LMIs
hold:

[ S Z{ Py PiQu Z{Qu
x  —U 0 0 0
Eli = * * —f:]_I 0 0 < O, (329)
* * * —Q1i 0
| * * * * —Qoi
[ —6_25h2(1 — Bz)si NPlGér NPlE;
Zhi = * —eoNI 0 <0, (330)
L * —E3NI
where
= | Y1 O
N
Yinn = Pi(J +80) + (J1 + 81)Ps — BiZi — ZI B, + Ri + St + e2( Y_(wh)?)
j=1
e o T & 22
+ mBziuiBZi +¢e3D, (Z(Wl]) )Dz,
j=1

Yiop = —e M (1~ B1)R; + 1],

then the controlled complex dynamical network (3.27) is EFPS with the system (2.3). Moreover, the feedback control
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is
wi(t) =—2ZiPtei(t), i=1,2,...,N, t=>0,

and the upper bound of the quadratic cost function (2.6) is as follows:

N 0 0
] < Z [eiT(O)Pflei(O) —|—J enseiT(s)PflRiP;lei(s) ds —|—J ezéseiT(s)Pflsinlei(s) ds
=1 - " (3.31)

0
+J ezaseiT(s)Pi_lziTUi_lziTPi_lei(s) ds|.
-
The following corollary presents a method of selecting a controller minimizing the upper bound of
the guaranteed cost (3.31).

Corollary 3.5. Consider the close-loop error complex dynamical network (3.28) and the quadratic cost function
(2.6), the optimization problem:

N
min D {wi + Tr(Mus) + Tr(Mas) + Tr(Mas) (3.32)
(e1,€2,€3,Pi,Ri,S¢,Uy) i1
subject to
(i) LMIs, (3.29)-(3.30),
- T
.. —wyi ¢ (0)
G | <0
oo [ =Mui N
(iii) . R | <0,
. [ _MZi N; |
(IV) I % _gi ] <0,
[ M NsTi
(V) I * _ﬂi < 0/

such that if a feasible solution set of €5, (j = 1,2,3), Py, Ry, Sy, Uy, (i=1,2,...,N), then the controller (3.4) is an
optimal reliable guaranteed cost control law which ensures the minimization of quadratic cost function upper bound

given in (3.31) for the exponential function projective synchronization of uncertain complex dynamical network
(3.27).

4. Numerical examples

In this section, we present two examples to illustrate the effectiveness and the reduced conservatism
of our results.

Example 4.1. To show the effectiveness of the proposed control scheme, the perturbed Chua’s circuit
system with mixed time-varying delays uses uncoupled node in the complex dynamical network (2.1).
The perturbed Chua’s circuit system with mixed time-varying delays (drive system) is given by [4]

(0 = p(sat—m (1) — 3 (25300 —s1(1)),

$2(t) = s1(t) —usa(t) +s3(t —1i(t)), (4.1)
$3(t) = —qgso(t) +rJ s3(0) de,
t—o1(t)
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and we take the system (4.1) as identical nodes of network (response networks), which is given by
i1 (4) p(xalt—mi(t) = (2,1 —xu(t))) N
Xip(t) | = xi1(t) —uxin(t) +xi3(t — 11 (1)) +p1 ZW (G1 +AG1(t))x5(t)
Xi3(t) —qxin(t) +Tﬁ_al(t) x2,(s) ds =1
N N + (42)
402 ) wh(Ga + AG U [t—mat) +ps I w(Ga+AGD) [ wi(s)as
i1 i=1 t—oy(t)
+Ui(t),i=1,2,.., N,

where p, g, r and u are real positive constants. It is well known that the system (4.1) exhibits chaotic
behavior with the parameters p, q, r, and u chosen as p =7, q = @, r = 0.07, and u = 1.5, the
initial condition function ¢ (t) = [0.65cost,0.3cost, —0.2cost]', the time-varying delay functions t;(t) =
0.4sin’t, Tp(t) = 0.3sin?t, Tp(t) = 0.3sin’ t, 01 (t) = 0.2 cos? t, o (t) = 0.2 cos? t and o3(t) = 0.1 cos? t, and
the time-varying scaling function «(t) = 0.5sin(2%) is shown in Figures 2-4. It is stable at the equilibrium

15
point s(t) =0, s(t—71(t)) =0, [{_o (s

(0) d® = 0 and Jacobian matrices are

1 0 0 070 000
h=|1 150, Jo={0 0 1|, Jo,=|0 0 0 |.
0 -0 ¢ 000 000

The parameters are selected as follows: the coupling strength p; = 0.2, po = 0.3, p3 = 0.2, the inner-
coupling matrices are

3 0 0 200 100
Gi=|030], G=[02¢0], G=[010],
| 0 0 3 00 2 0 01
[ 02 01 0 7] [ sin(t) 0 0 1[02 0 03
AGi(t)=1| 02 04 0 0  sin(t) 0 0 03 01|,
| 01 0 03] O 0 cos(t) ][ O 04 03
02 03 0 ] [sin(t) O 0 1[ 02 02 0
AGy(t)=1| 0 02 01 0  sin(t) 0 —01 02 0 |,
| 0 02 04 )| O 0 cos(t) ][ 03 0 04
03 0 03 ] [sin(t) O 0 1703 01 0
AG3(t)=1| 0 01 —0.2 0  sin(t) 0 0 04 02,
| 01 0 02 || O 0 cos(t) ] [ 01 02 01
and the coupling configuration matrices are given respectively as follows:
[—2 0 1 0 1 ]
1 -2 0 0 1
A=(0 1 -1 0 0 |,
1 0 1 -2 0
L 0 0 0 1 -1
[—2 0 0 1 1 ] -1 0 0 1 O
1 -2 1 0 O 1 -1 0 0 O
B=|0 0 -1 0 1|, C=|0 1 -1 0 0 |,
0o 0 1 -1 0 o 0 1 -2 1
0 1 0 1 -2 1 1 0 0 -2

and the topology structure of complex network is shown in Figure 1.
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6
A

Figure 1: The topology structure of complex network with N = 5.

Solution: From the conditions (3.1)-(3.3) of Theorem 3.1 and with positive constants 6 = 0.1, T; = 0.4,
T =0.3, 12 =03, 01 =0.2, 0o = 0.2, and 03 = 0.1, and positive definite matrices

and

B

Boo

Boo

B33

Qn{

311
1 4 2], Q=
1 2 3

(5 0 0] (4 0
06 0|,Bp=]0 4
0 0 4 (00
(5 0 0] (3 0
04 0|,Bs=]|05
|00 5| (00
(02 0 0] I
0 05 0 |,By=
0 0 02|

(02 0 0]

0 05 0 |,By=
L0 0 02|

(02 0 0]

0 03 0 |,Bsy=
0 0 04| I

by using the LMI Toolbox in MATLAB, we obtain

u(t)

up(t)

uz(t)

uy(t)

[ —26.0263
— | 69120
| 247658

[ —97.8263
— | —38.8946
| —28.3604

[ —23.3528
= | 81784
| —22.2510

[ —38.7719
— | —1.1554
| —26.4343

12.0950
—27.5868
36.1151

20.2102
—10.6816
14.9762

4.7142
—32.7718
27.0087

9.3326
—25.9686
23.6306

3 21
2 31
115

,Bi3 =

—2.8207 ]
8.7658
—15.6175 |

—4.5626 ]
4.8676
—10.3270 |

—0.8824 ]
11.8063
—13.2923 |

—2.8625
10.4476
—13.8490 |

ei(t),

ex(t),

es(t),

eq(t),

] , 1=1,2,...,5,

0.3

0.3

0.3
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~52.4627 341460 —8.2239
us(t) = | 65240 —29.0009 9.6462 | es(t).
—39.6985 51.0854 —19.9977

Meanwhile, the optimal upper bound on the guaranteed cost for the exponential function projective syn-
chronization of the complex dynamical networks with mixed time-varying delay and hybrid uncertainties
asymmetric coupling delays (4.2) is

J* = 6288.0883.

The numerical simulations are carried out using the explicit Runge-Kutta-like method (dde45), inter-
polation and extrapolation by spline of the third order. Figure 2 shows the chaotic behavior of drive
system (4.1) and response network (4.2). Figure 3 shows the function projective synchronization errors
between the states of isolate node o(t)s(t) (4.1) and node x;(t) (4.2), where ey;(t) = xij(t) — «(t)s;(t) for
i=1,...,5j=1,2,3 without hybrid control (2.4). Figure 4 shows the function projective synchronization
errors between the states of isolate node x(t)s(t) (4.1) and node x;(t) (4.2) with hybrid control (2.4).

Figure 2: Chaotic behavior of drive system (4.1) and response network (4.2) with the time-varying scaling function «(t) =
0.5sin(2%).

0 5 10 15 20 25 30 35 40 45 50
Time t

Figure 3: The function projective synchronization errors between the states of isolate node o(t)s(t) (4.1) and node x;(t) (4.2),
i=1,2,...,5 without hybrid control (2.4).
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Figure 4: The function projective synchronization errors between the states of isolate node «(t)s(t) (4.1) and node x;(t) (4.2),
i=1,2,...,5 with hybrid control (2.4).

Remark 4.2. The advantages of example 4.1 are that the discrete and distributed time-varying delays are
different values, i.e., T1(t) = 0.4sin’t, To(t) = 0.3sin’t, To(t) = 0.3sin’t, oy(t) = 0.2cos?t, op(t) =
0.2cos’t and o3(t) = 0.1cos?t. Moreover, in these examples we still consider discrete and distributed
time-varying delays in the dynamical nodes and the hybrid coupling term simultaneously, hence the
synchronization conditions derived in [15, 20] cannot be applied to these examples.

Example 4.3. We consider the Chen chaotic system with time delays used as uncoupled node in the
network (3.27) (drive system), which is described by [15, 20]

$1(t) = als2(t) —s1(t)),
$2(t) = (c—a)si(t) —s1(t)s3(t) +csa(t), (4.3)
$3(t) = s1(t)s2(t) — bsa(t) + d(ss(t)sa(t — 1),

and we take the system (4.3) as identical nodes of network (response networks), which is given by

Xi1(t) a(xi2(t) —xi1(t)) N
Xio(t) | = (¢ — a)xi1 (t) —xa1 (t)xi3(t) + cxia(t) + ) WE(Ga+ AG,(1))xj(t — 12) (4.4)

Xi3(t) xi1(t)xi2(t) — bxiz(t) + d(xi3(t)xi3(t — 1))
+Ui(t), 1=1,2,..., N,

j=1

where a, b, ¢, and d are real positive constants. It is well known that the system (4.3) exhibits chaotic
behavior with the parameters a = 35, b = 3, ¢ = 18, and d = 3.8, the initial condition function ¢(t) =
[0.65cost,0.3cost, —0.2cost]T, the time delays T1(t) = 0.3, 12(t) = 0.2, and the time-varying scaling
function «(t) = 0.5+ 0.2 sin(zl—g) is shown in Figure 5. It is stable at the equilibrium point s(t) = 0,
s(t—h(t)) = 0 and Jacobian matrices are

—a a 0 00 O
Ji=| c—a c 0 , Jo=10 0 0 .
0 0 —b+d 0 0 —d

The parameters are selected as follows: & = 0.2, 13 = 0.3, the time-varying scaling function «(t) =
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05+0.2 sin(%‘), the inner-coupling matrix are G» = D, =diag{l1,1,1}, F(t) = diag{cost,cost,cost},
E> =diag{2, 2,2}, the coupling configuration matrix

-2 1 0 0 1
1 -3 1 1 0
W,=| 0 1 -2 1 0 |,
o 1 1 -3 1
1 0 0 1 =2

constant matrices By; =diag{5,5,5}, B»i =diag{0.2,0.2,0.2}, i =1,2,...,5 and select the positive definite
matrices Q1 = Qi =diag{0.2,0.2,0.2},1=1,2,...,5. By applying Corollary 3.4 to the complex dynamical
network (4.3) and (4.2) and solving the corresponding optimization problem (3.32), the optimal reliable
guaranteed cost controllers are given by

[ —7.1891 2.8784 0

w(t)=| 06014 —17.5467 0 e(t),
0 0 —11.9823 |
[ —8.3365 2.3016 0

w(t) = | 05560 —24.6570 0 es(t),
0 0 —17.3618 |
[ 72221  2.5598 0

us(t) = | 04079 —17.0702 0 es(t),
0 0 —11.9264 |
[ —8.3365 2.3016 0

w(t) = | 05560 —24.6570 0 es(t),
0 0 —17.3618 |
[ —7.1891 2.8784 0 ]

us(t) = | 06014 —17.5467 0 es(t)
0 0 —11.9823 |

and the optimal guaranteed costs of the corresponding closed-loop network are obtained and listed in
Table 1. We see that, the optimal upper bound on the guaranteed cost for the synchronization of the
complex dynamical network (4.2) obtained from Corollary 3.4 are much less than that obtained in [20].
The results obtained in [20] can not be used for the case when & # 0. Figure 6 shows the function
projective synchronization errors between the states of isolate node o(t)s(t) (4.3) and node x;(t) (4.4),
where ey;(t) = xi(t) — (t)s;(t) fori=1,...,5,j = 1,2,3 without hybrid control (2.4). Figure 7 shows the
function projective synchronization errors between the states of isolate node «(t)s(t) (4.3) and node x;(t)
(4.4) with hybrid control (2.4).

Table 1: The optimal upper bound on the guaranteed cost for the synchronization of the complex dynamical network (4.2) for
different values of decay rates .

decay rates | 6=0 | 06=05 6=1
[20] 13,360 | infeasible | infeasible
Corollary 3.4 | 4,566 6,476 8,274
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Figure 5: Chaotic behavior of drive
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Figure 6: The function projective synchronization errors between the states of isolate node «(t)s(t) (4.3) and node x;(t) (4.4),
i=1,2,...,5 without hybrid control (2.4).
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Figure 7: The function projective synchronization errors between the states of isolate node «(t)s(t) (4.3) and node x;(t) (4.4),
i=1,2,...,5 with hybrid control (2.4).
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5. Conclusions

In this paper, the problem of guaranteed cost control for exponential function projective synchroniza-
tion (EFPS) for complex dynamical networks with mixed time-varying delays and hybrid uncertainties
asymmetric coupling delays is considered. It is not assumed that the uncertainties coupling configuration
matrix is symmetric or irreducible. Unlike other works, hybrid control with nonlinear and mixed linear
feedback control, which contains error linear term, time-varying delay error linear term and distributed
time-varying delay error linear term was considered for guaranteed cost control of EFPS of delayed com-
plex dynamical networks. Based on the construction of novel Lyapunov-Krasovskii functional and linear
matrix inequalities, new sufficient conditions are presented for the existence of the optimal guaranteed
cost control laws. Moreover, numerical examples are given to demonstrate the effectiveness of proposed
guaranteed cost control for EFPS. The results in this article are much less conservative than some existing
results in the literature.
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