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coupling delay. In addition the model harbors fully unknown parameters and
disturbances. By using Lyapunov stability theory and adaptive laws, the unknown
parameters are estimated. In addition, the unknown bounded mismatch and
disturbance terms are also overcome by the proposed control. Finally, the simulation
results reveal that the states of the dynamical network with delayed coupling can be
asymptotically synchronized onto a desired scaling factor under the designed
controller. Additionally, the results prove the validity of the proposed method.
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1 Introduction

In the past few years, synchronization of dynamical systems has shown interesting be-
haviors which have received increasing attention in various fields of industry and various
sciences [1-3]. Meanwhile, many kinds of synchronization have been proposed [4—13] and
various control methods have been reported to achieve the different kinds of synchroniza-
tion for complex networks [14-20].

In many practical situations, time delay may cause undesirable dynamic behaviors such
as oscillation, instability, and poor performance. Therefore, the development of synchro-
nization of complex dynamical networks with time delays is very important.

In [21] Guo studied lag synchronization of complex networks with non-delay coupling
by proposing pinning control. On the basis of adaptive control, Ji et al. [22] proposed a
method with lag synchronization between uncertain complex dynamical networks CDNs
with constant delay coupling. Wang et al. [23] proposed function projective synchroniza-
tion (FPS)in CDNs having constant delay coupling and non-identical reference nodes and
both network nodes and reference have unknown parameters and bounded external dis-
turbances. Zhang and Zhao [24] investigated both projective and lag synchronization be-
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tween general complex networks via impulsive control. Based on an adaptive feedback
controller, projective lag synchronization of the general complex dynamical networks was
proposed with non-delay coupling and different nodes [25]. In [26] Rui-Jin ez al. proposed
several nonlinear controllers to realize the problem of projective synchronization with
non-delayed and constant delayed coupling in drive-response dynamical networks con-
sisting of identical nodes and different nodes.

Motivated by the above discussion, the aim of this paper is to deal with the problem
of a projective lag synchronization (PLS) scheme in drive-response dynamical networks
(DRDNs) model with coupling delayed consisting of identical and different nodes. Both
the drive and the network nodes have uncertain parameters and disturbance. Based on
Lyapunov stability theory, an adaptive control method is designed to achieve the projective
lag synchronization in DRDNs with constant and time-varying coupling delay. Adopting
adaptive gains laws, the unknown parameters are estimated. In addition, the controller is
designed to overcome the unknown bounded disturbance. In conclusion, the network is
asymptotically synchronized with the proposed method. Moreover, numerical simulations
are performed to verify the effectiveness of the theoretical results.

The rest of this paper is organized as follows: the DRDNs model with delay coupling
is introduced in Section 2. A general method of PLS in a drive-response dynamical net-
works (DRDNs) model with constant coupling delayed by an adaptive control method
is discussed in Section 3. Section 4 deals with a further investigation of PLS in a drive-
response dynamical networks (DRDNs) model with time-varying coupling delayed by us-
ing the proposed method. Examples and their simulations are shown in Section 5. Finally,

the conclusions are presented in Section 6.

2 Model description
Consider a controlled complex dynamical network with delay coupling consisting of N
linearly and diffusively different nodes with both uncertain parameters and disturbance,

described as follows:

N
() = Gi(%(0) + Gi(#[ ()0 + ¢ Y agTa(t —di) + A(e) + ui(e), i=1,2,...,N, (1)
j=1

where &7 = (x}},%,...,4],)7 € R” denotes the state vector of the ith node, g; : R” — R”
and G; : R” — R are the known continuous nonlinear function matrices determining
the dynamic behavior of the node, 9; is the unknown constant parameter vector, u; € R”
is the control input, c is the coupling strength, and d; > 0 is an unknown coupling delay.
Here I" = diag(y1, 2, ..., V) is the inner coupling matrix with y; = 1 for the ith state vari-
able, i.e. matrix I' determines the variables with which the nodes in system are coupled.
A = (aj)nxn € RV*N s the coupling configuration matrix representing the topological
structure of the networks, where a;; is defined as follows: if there exists a connection be-
tween node i and node j (j # i), then a;; > 0, otherwise a;; = 0, and the diagonal elements

of matrix A are defined by

N
‘liiz—zaij, i=12,...,N. 2)
J=Lj#i
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The reference node is described as follows:

() =f(x* ) + F(x(2)) @ + Aa(0), 3)

where the superscripts d stand for the drive system; x¥ = (x¢,x%,...,29)7 € R” denotes

the state vector of the drive system, f : R” — R” and F; : R” — R*™i are the known

continuous nonlinear function matrices determining the dynamic behavior of the node;

® is the unknown constant parameter vector, and A, contains the mismatched terms.
The projective lag synchronization error is defined as

ei(t) =x/(t) —ax?(t - 1), i=1,...,N, (4)

where « is the nonzero a scaling factor, T > 0 is a constant representing time delay or lag.
Then the objective of this paper is to design a controller u;(£) such that the reference nodes
(1) and dynamical networks (3) are asymptotically synchronized such that

lim |/(t) —ax(t-7)| =0, i=1,...,N, (5)
t—>00

which means that the network (1) is projective lag synchronized with reference node (3).
The error dynamics is obtained:

& = g% (1)) + Gi(xi(2))6i(t) + cZa,]l"e,(t dy) + ui(t) + A(D)

j=1

—a(f(x(t-1)) + F(x(t - 7)) @(&) + Au(t)), i=1,...,N. (6)

Assumption 2.1 [22] For any positive constant ¢; the time-varying disturbance A;(¢) is
bounded i.e. || A;(t)] < &;.

3 PLS in DRDNs with constant delay
In this section, we design an adaptive control method to realize projective lag synchro-
nization for uncertain complex dynamical networks with constant delay coupling.

Theorem 3.1 The projective lag synchronization error (6) is asymptotically stable with a
given time delay T and scaling factor o, by using the following control input and adaptive
laws:

ui(t) = —qiei(t) — Bisen(et)) - gi(x}(0) - (’(t)

ta(f(x(t-1) + F(xl(t - 1)) ®(®), i=1,...,N, (7)
0i(t) = ki GT (x(0))ex(t), (8)
D(t) = ko F (6t - 7))e(t), ©)
qi(t) = kse; () e, (), (10)
Bi(t) = kae;(1)" sgn(ei()), (11)

where ki, ko, k3, and ky are positive constants and ﬁ)(t) and éi(t) are the estimated param-
eters for the reference node (1) and network (3), respectively.
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Proof Construct the Lyapunov function candidate as follows:
1« 1 <
V() = 3 ?:1 e;(t) el(t)+ E 05 00,(t) + — % ?:1 b, (1) D;(2)

1 L.
+%;6ﬁ(t)+7 B (t)+_/t Ze,(s) ei(s) ds, (12)

_ll]

where ®;(2) = &;(¢) - D, 6;(t) = 6:(¢) — 6;, 3i(t) = qi(t) — a; Bit) = Bi(t) - I, where g and
B} are positive constants.
The time derivative of V(¢) along the error dynamics (6) is

N
~ 1 20 - 1. 1 ..
V= ;[e Jei(t) + _9 (H)0:(t) + k_ZCDi (H)D;(2) + qu‘%‘(t) + k—4ﬁi,3i(t)]
1Y 1Y
T T
t3 ;ei(t) ei(t) - 3 ;ei(t —d;) et —d;). (13)
By application of the control input (7) to the error dynamics é;(t) we have

N
V= Z[ () (~giei(t) - Bi(®) sgn(ei(t)) — Gi(%{(1))6i(1)) ]

1
N N
£y |:eiT(t) (ozF(xd(t — ) D) + ¢y aglei(t—di) + Ai(t) - ozAd(t)):|

j=1

N
%Ze(tﬂel(t)——Ze,(t d)Tei(t - db). (14)

From the adaptation laws (8)-(11), V is inferred as follows:

N N N
V== "qel (tet) =) Brel O sen(eit)) + Y _ el (6)(Ault) —a Ay(r))
i=1 i=1 i=1
N N 1 N
+ey el(t) Za,,l"e, (t—d;)+ = Ze,-(t)Tei(t) ) > et -d) et —dy). (15)
i=1 j=1 i=1 i=1

Let e(t) = (el (¢),el(t),...,eL(t)T € R"N, P = (A ® I') where ® represents the Kronecker

product. Then we have

N N
= ce" (OPe(t—d) - Y _ q"e] (Dei(t) - Y Bre] (1) sgn(ei(t))

i=1 i=1
N N
; ZeT(t ~andd) + CIECE ; D et et~
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We use the fact 2x”y < x7Sx + yTS~ly for any vector x,y € R”, and a positive definite
matrix § € R”*™, From the assumption 1, the following inequality is inferred:

AlD) —aha() < [ (A0 - e 2a®) | = [AD] + o Aal®)]| < &5
where ¢; is a positive constant. We have

V< %c el (t)PT Pe(t) + ;eT(t —dye(t —d;) - q*e’ (t)e(t)

+ Z | e®)]| + e(t)Te(t) - %e(t —d)Te(t - d;)

N

1 1
< eT(t)<502PTP— q+ El)e(t) + Z(si - ,3*) ”ei(t) ||

i=1

N
(A q e(t +Z |e,

i=1

where A = Amax(@). Therefore, by taking appropriate g* and * such that

(A-g") <0,

-B*<0, i=12,...,N,
we obtain
V < —e(®)Te(t).

Since V is positive definite and V is negative definite, the error e;(£) is asymptotically stable
in the sense of Lyapunov stability theory and the networks (3) projective lag synchronizes
the drive system (1) asymptotically by the control (7) and the update laws (8)-(11). This
completes the proof. d

4 PLS in DRDNs with time-varying delayed coupling
The adaptive control method is designed to realize projective lag synchronization for un-
certain complex dynamical networks with time-varying delay coupling.

Theorem 4.1 We assume a given synchronization scaling factor o and propagation delay
©(¢). The projective lag synchronization with time-varying delayed coupling in the drive-
response dynamical networks can be realized if the control input and adaptive lows are
chosen as

ui(t) = —qiei(t) — Bisgn(ei(t)) — gi(x/(0)) - ( T(t))6ilt
+a(f(x(t-1) + Fa(t - 1)) (), i=1,...,N, (16)
0i(t) = ki GT (x(0))ei(t), 17)

D(t) = ko FT (x(t - 7))e(t), (18)
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4i(t) = ksei(t) T est), (19)
Bi(t) = kaes(t)" sgn(ei(2)), (20)

where ki, ko, k3, and ky are positive constants and Cf>(t) and éi(t) are the estimated param-

eters for the reference node(1) and network (3), respectively.

Proof Choose the Lyapunov function candidate as follows:

AR | AR 1 &
V() = E; e;(t) e;(t) + 2% ; ;- (£)0:(t) 2— 2
+i§:q (£)+ Lﬁ:ﬁz(t)
2k3 . ! 2k = !
(s)Te;(s) ds. (21)

The rest of the proof is similar to Theorem 3.1 According to the Lyapunov stability theory,
the error system is asymptotically stable. This completes the proof. O

5 lllustrative example

This section presents the drive-response dynamical networks with three identical, differ-
ent nodes systems, unknown parameters, and disturbance, which are used to show the ef-
fectiveness of the proposed schemes obtained in the previous sections. We use the Lorenz
system as drive system, which is described as follows:

P 0 -2 0 0 ®,
i | = | —afad —ad | + o «f o0 @, |+ Au(0), (22)
x4 x6xd 0 0 —«f) \@3

where the unknown parameters vector and mismatch terms are chosen as & =
[®; &, D3] =[10 28 %], A4(t) = [2cos(t) 3sin(t) sin(z)].

The inner coupling matrix I' = I3,3 and the coupling configuration matrix A = (a;) is
chosen to be

-2 1 1
A=|1 -1 0
o 1 -1

5.1 Synchronization with constant delay
We discuss the problem of PLS in drive-response dynamical networks with identical and
different nodes consisting of fully unknown parameters, mismatch terms, and disturbance

with constant delay coupling.

5.1.1 Synchronization with identical nodes
We take a chaotic Chen system as the ith networks nodes with unknown parameters and
disturbance to realize PLS in DRDNs and verify the effectiveness of the proposed scheme
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Figure 1 The synchronization error e;(t) = x,.’(t) —axd(t-1).

which can be described as follows:

9'6;1 0 xfz - x{l 0 0 91‘1
Xp | =iz | +| —*n  Kptap O )
X3 Xj¥i 0 0 —Xi3 Ois
3
+e Y agTa(t—di) + Ale) + s, (23)
j=1

Here the unknown parameters vector is #; = [35 28 3]7. The disturbance signals are
chosen as A; = [0.3 cos(£) sin(£) 0.1sin(¢) 0.5 cos(t)].

In these numerical simulations, we assume that ¢ = 0.2, & =2, d; = 0.2, and 7 = 1. The
gains of the adaptive laws (8)-(11) are ky = 9, ky = 8, k3 = 1, k4 = 0.8. We take the initial states
as x4(0) = [1 -1 -1]7, %7(0) are chosen in [-5,5] randomly, and b =0 = gio = Bio = 0.

The numerical results are presented in Figures 1 and 2. The time evolution of the syn-
chronization errors is illustrated in Figure 1, which displays e — 0 with £ — oco. The
identified parameters of the reference node and network nodes are depicted in Figure 2(a)
and Figure 2(b), which converge to their real values. These results verify that the proposed
control (7) with adaptive laws (8)-(11) makes the network (3) projective lag synchronized,
even if the network and the reference node (1) have fully unknown parameters, mismatch

terms, and disturbances.

5.1.2 Synchronization with different nodes
The Chen system, the Lu system, and the Rossler system as the response networks with

constant delayed coupling, respectively, are described as follows:
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Figure 2 The estimated parameters ([3,- (a) and éi (b).
J.Cﬁ 0 x{z - x{l 0 0 0911
o —_ I r r I r
Xp | = | *u¥s |t —*1n *+ap 0 62
o r I I
13 X11%12 0 0 —X13 b3
3
+e Y ayTaf(t—dy) +u(t), (24)
j=1
X 0 Xy —xh; 0 0 01
wa — I I I
Xy | = —X91%93 + 0 X9 0 922
o ' I I
*23 X21%22 0 0 —x 023
3
+e Y ayTa[(t —dy) + ua(0), (25)
j1
! r r
X31 —X3p — X33 0 0 P
x5, | = x4 + | x5 0 o
32| = 31 32 O3
' r I I
X33 X51%3, + 0.2 0 —xy
3
+e Y asTal(t — ds) + us (D). (26)
j=1

In these numerical simulations, we assume that ¢ = 0.2, « =2, d; = 0.2, and t = 1. The
gains of the adaptive laws (8)-(11) are ky =9, k, =9, k3 = 1, k4 =2, and ¢; = 0. We take the
initial states as x?(0) = [1 2 3]%, x/(0) are chosen in [-5, 5] randomly, and Do =00 = gio =
Bio = 0.

The time evolution of the synchronization errors is illustrated in Figure 3, which dis-
plays e — 0 with ¢t — oo. The estimated parameters of the reference node and network
nodes are depicted in Figure 4(a) and Figure 4(b), respectively, which converge to their
real values. These results prove that the proposed control (7) with adaptive laws (8)-(10)
makes the network (3) projective lag synchronized if the drive system and the network

have unknown parameters.
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Figure 3 The synchronization error of different nodes.
{a) b
50 70
a0 & 2 & g0 i 8, i3
50
30
40
20 0
w10 [ o 20
o 10
0
-10
-10
-20 o0
-30 . : : . -30 . : : .
0 10 20 30 40 50 10 20 30 40 50
t t
Figure 4 The estimated parameters ¢; (a) and 6; (b) with constant coupling delay.

5.2 Synchronization with varying coupling delay coupling

In this subsection, a drive-response dynamical networks with three identical, different

node systems, fully unknown parameters, mismatch, and disturbance terms are used to

show the effectiveness of the proposed schemes obtained in the previous sections.

5.2.1 Synchronization with identical nodes

The chaotic Chen system is chosen as three nodes of complex dynamical networks; the

complex dynamical networks with time-varying coupling delay can be described as fol-

lows:
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Figure 5 The synchronization error of identical nodes with time-varying delay.

X 0 Xy — X} 0 0 0a
Xp | = | iz | +| —*an  xa+xp O Oi>
X3 X% 0 0 —Xi3 Oi3
3
re Y agTal(t - di(®) + AilD) + us. (27)
j=1

The propagation delay d;(¢) =1 + 0.2sin(¢) and t = 1. The gains of the adaptive laws (17)-
(20) are k; =15, ky = 10, k3 = 1, k4 = 0.9. We take the initial states as x%(0) = [0.2 0.1 0.3]7,
x7(0) are chosen in [-5,5] randomly, and Dy =0 = qio = Bio = 0.

The time evolution of the synchronization errors is depicted in Figure 5, which displays
e —> 0 with £ — o0. The estimated parameters of the reference node and network nodes
are depicted in Figure 6(a) and Figure 6(b), which converge to their real values. These re-
sults verify that the proposed control (21) with adaptive laws (17)-(20) makes the network

(3) projective lag synchronized.

5.2.2 Synchronization with different nodes
The chaotic Chen system, the Lu system, and the Rossler system are chosen as nodes of
complex dynamical networks; complex dynamical networks with time-varying coupling

delay can be described as follows:

56’{1 0 x{z — x{l 0 0 911
x| = | —wuxs |+ —%x7 xptap 0 P
X3 X1 %], 0 0 —%]3 ths
3
re Y ayTal(t—di() + m(e), (28)

j-1
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Figure 6 The estimated parameters ([3,- (a) and 6; (b) with time-varying coupling delay.

x5 0 Xy —x5 0 0 01
5652 = —xglxgg + 0 x;z 0 922
X33 Xy %) 0 0 —x) 023
3
+cC Z angx; (t - dz(t)) + Uy (t), (29)
j=1
Xy —X3y — X3 0 0 6
w - I + I O 31
X392 X31 X392 O3
Xio x5, x5, +0.2 0 —xf
3
+e Y asTal (¢ - ds(t)) + us(2). (30)
j=1

In these numerical simulations, we assume the time delay d;(¢) =1 + 0.2sin(¢) and 7 = 1.
The gain of the adaptive laws (17)-(20) are k; =7, ky = 9, k3 = 1, kg = 2.5. We take the initial
states as x%(0) = [3 21]7, x7(0) are chosen in [-5,5] randomly and by =0 = qio = Bio = 0.

In Figure 7 shows the time evolution of the synchronization errors. The estimated pa-
rameters of the reference node and network nodes are depicted in Figure 8(a) and Fig-
ure 8(b), respectively, which converge to their real values. These results verify that the
proposed control (21) with adaptive laws (17)-(19) makes the network (3) projective lag
synchronized, even though the drive system and the network have unknown parameters.

6 Conclusion

An adaptive projective lag synchronization (PLS) scheme was proposed in drive-response
dynamical networks with delayed coupling consisting of identical and different nodes.
Both of the reference node and network nodes have fully unknown parameters and distur-
bances. Adaptive control and update laws were designed to achieve the PLS with constant
time delay and with time-varying coupling delay. Based on the Lyapunov stability theory
and adaptive laws the unknown parameters were estimated. Furthermore, the unknown
bounded disturbances were also overcome by the proposed control. The numerical results

showed the effectiveness of the proposed approach.
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Figure 8 The estimated parameters qS,- (a)and éi (b) with time-varying coupling delay.
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