1'.' -J‘I"h‘ ~
... ¥ s I-.'l.

[t

FAJE e EREH 5T

1) B0 10 F2423F

{;

i
Fi



http://www.hebut.edu.cn

R 2& R il z9 20 52 5324

2 — MEREMMAHNZ
2 =, MEERGRIBR—TYE



http://www.hebut.edu.cn

. . - 4] { |
1 R RGEHA 9

AFME L %G00 F 54
FERBOSIT TR TR RO MG OSSIeS |
WEARA BN NS 572 5 A 1BVARMT <5+ ARGt
» Lagrangian JSNEARA —HEQBR (W2 TAMKEZNE)
» ZNUEANBARFEEL DO (W IR B 2K MRNEBRA)
» JUSBEIRS IS (PCOD) ERINIEIES (QIAEMFNIE, DmRF
)



http://www.hebut.edu.cn

— BREREX

A5 M %4 W8 5 0 F A

BT XX DS B RA T ER S MABYIRR 5
R REMEEERRDR NS EHNE, RIFIRERER

WR T BEles A TAMKES. ER%SEMES. EDNAAMESE
R IENBARRBE D RANRITAISINEERE R,

- ~ N

Voo Ocean Models Ocean

) -
s Y Model Prediction
ey e v —_— %))2’
Wi P

= k75 -

i R O s i Data Assimilation

.?- L .+f+" %
S TR Y gy Adaptive sampling
- ™ 1 o | A i

8ri, B EXTXOEHRRERTESME, X8R
TERUEEEMHIMA S NS EMZEMKLIZALeonardS
AR T,

ATy .
o) [ >
RS

P4k RGERHEE] T F
P4k R GER Bk — B

v 8 F 5T

1

tr & W

4 144

-
-k

HEammae

&g

£FET

x M

EERE

B


http://www.hebut.edu.cn

— BeREX (/)
A% X#K

[1] R. M. Murray, Recent research in cooperative control of multivehicle systems, Journal of T,
Dynamic Systems, Measurement, and Control, 2007, 129: 571-583 125 F GBI BRI — B 1

[2] R. Olfati-Saber, J. A. Fax, and R. M. Murray, Consensus and cooperation in networked
multi-agent systems, Proceedings of the IEEE, 2007, 95: 215-233.

[3] W. Ren and R. W. Beard, and E. Atkins, Information consensus in multivehicle cooperative

control, IEEE Control Systems Magazine, 2007: 71-82

[4] S. Nair and N. E. Leonard, Stable synchronization of mechanical system networks, SIAM. J.
Control Optim, 2008, 47(2): 661-683. ol )

[5] S. Nair and N. E. Leonard, Stabilization synchronization of rigid body networks, Networks
and Heterogeneous Media, 2007 .2: 595-624.

[6] R. Sepulchre, D.A. Paley and N. E. Leonard, Stabilization of planar collective motion with
limited communication, IEEE Trans. on Automatic Control, 2008, 53(3) 706-718

[7] D. Paley, R. N. E. Leonard, Sepulchre, D. Grunbaum, J. Parrish, Oscillator models and
collective motion: spatial patterns in the dynamics of engineered and biological network, IEEE
Control Systems Magazine,2007,89-105.

[8] W. Ren, H. Chao, W. Bourgeous, N. Sorensen, and Y. Chen, Experimental validation of
consensus algorithms for multivehicle cooperative control, IEEE Trans. On, Control Systems x M
Technology,2008, 16(4) 745-751.

v 8 F 5T

1

4 144

-
-k

Es5mma2

£FET

RERE


http://www.hebut.edu.cn

=, BANEIITAE
PR R E- R RT RANR IS F

INTRODUCTION

The network is regarded as a good tool to deal with a set of interactional systems.
In recent year, there are several research works focused on synchronization dynamics
of networked mechanical oscillator systems derived from some practical engineering
problems, for example, Ren studied the coupled harmonic oscillators with local in-
teraction, Lu et al.,investigated linearly coupled networks of deterministic ratchets,
Barron and Sen detected coupled self-excited elastic beams and so on.

The mass-spring-damper (MSD) oscillator has become a typical and popular model
for analysis of vibrational phenomena in engineering and technology.The motion
equations of the (MSD) oscillator can be given with the following equation using
Newton’s law:

Z(t) + bx(t) + h(z) = F cos(wt), (1)

where x(t), #(t) denote the displacement and velocity of the oscillator system, re-
spectively, h(z) = kx(1 + ex?) (e > 0) is restoring force.
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MODEL FORMULATIONS
We consider the networked (MSD) oscillator systems in presence of a

chain coupling configuration with nonlinear spring interaction. The net-
work 1is described by the following form.

Zi(t) + bi(t) Z g (5(2) — 2s(0)[L + e(z;(8) — 2:(2))°]
j=1j#
+F cos(wt), i=1,2,---,N, (2)

where x;(t), ;(t) denote the displacement and velocity of the ith oscilla-
tor, respectively. The corresponding adjacency matrix of network topolo-
gies can be written as follows:

— k1o ko 0 ... 0
ko1 —kor — ko3 ko3 - 0

0 0 kyn-1 —knn-1
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MODEL FORMULATIONS

Obviously, a distinctive features of the networked oscillator system (2)
1s that its coupling configuration is nonlinear connectivity. Therefore, the
network model (2) can well formulate practical architectures of some net-
worked mechanical systems. For example, the network model (2) can be
used to describe a basic vibration model of the networked oscillator system
consisting of [V carts with cosinoidal excitation through nonlinear spring
interaction, see Fig.1.

— b _ ., b b
‘ . M I Frrun Ty
K12 K23 k56
Ll 4 ) S
L. L. .
xi xz xb
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MODEL FORMULATIONS

To analyze the coordinated behavior for the networked (MSD) oscillator
system (2), we first define the state variables of the ith oscillator as

Si(t) = (ui(t), Ui(t»—r & Rz,

where u;(t) = x;(t) and v;(t) = @;(t)(i = 1,2, --- , N) denote the displace-
ment and velocity of the ith oscillator system, respectively. Thus, system
(2) can be written as

u;(t) = vi(t),

v;(t) = —bu(t) + ':;#. Kij (uj(t) — wi(6)[1 + e(uj(t) — ui(t))?] + F cos(wt).



http://www.hebut.edu.cn

=, BANEIITAE
MERR 2R T RARNR TN F

DEFINITION OF SYNCHRONIZATION STATES
Definition 1. Let s;(t) = (u;(t), v;(t))" (i = 1,2,---, N) be a solution of the
ith (MSD) oscillator with an given initial conditions w;y = (uio,v;0) € R* and
to € R, then s*(t) = (u*(t), v*(t))" is said to be the synchronization state of the
networked oscillator system (10), if
lim ||s;(t) — s*(¢)]| =0, i=1,2---

t—+o0

N. (4)

)

In general, the synchronization state s*(¢) is dependent on the given initial
conditions for system (2). Obviously, if an exact solution of synchroniza-
tion state is explicitly given, then the networked oscillator system (2) will
be globally asymptotically synchronized for any given initial conditions,
1.€.,

lim HSi(t) o Sj(t)H — 07 iaj :::172' te 7fv} (5)

t——400

for any w;y € R*and ty € R™.
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AN EXACT SOLUTION OF SYNCHRONIZATION STATES
Theorem 1. Let s;(t) = (u;(t), v;(t))"(i = 1,2,---,N) be a solution of the
ith oscillator in system (2) under given initial conditions w;y = (u;, vio)T € R?
and ty € R", then all the states s;(¢) (¢ = 1,2,---, N) of the networked oscillator

systems (2) will globally asymptotically convergence to the synchronization state
s*(t) as t — 400, where s*(t) = (u*(t), v*(t))" can be explicitly given by

a F Fo

< u (t) = — = sin(wty) + T sin(wt — ), o
F

K ’U*(t) = \/ﬁ COS(Cdt — gO),

where

N N
1 1 w
PRty e () Q
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REMARKS

Remark 1. For given initial values with respect to system (2), it is known from
Theorem 1 that an exact solution of synchronization state s*(¢) of system (2) can be
explicitly given, which is the simplest type of harmonic motion.Accordingly, an in-
teresting conclusion is reached that the networked oscillator system can be synchro-
nized to a simple harmonic motion by mild nonlinear network connectivity, even if
the 1solated (MSD) oscillator is unstable, chaotic or others complex dynamics itself.
It is obvious that the results is indeed coincident with the practical situation related
to coordinated behavior of the networked controlled systems with unstable dynamics
of the agents.

Remark 2. It is important to emphasize that, a distinctive feature of Theorem 1 is to
give an exact solution of synchronization state of the networked oscillator systems.
However, it is still a difficult problem to estimate an explicit solution of synchro-
nization state for more general coupled oscillator systems, especially for nonlinearly
coupled oscillator systems.
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APPLICATIONS AND SIMULATIONS

We here consider a simple model of the chain networked mechanical systems
composing of six (MSD) oscillators/carts with cosinoidal excitation (Fig.1).

As 1s well known, the isolated (MSD) oscillator can exhibit rich behavior including
quasi-period, period and chaos. It is known that with the parameters b = 0.2, ' = 27
and w = 1.43, the solution trajectory of Eq. (1) approaches a chaotic attractor [?], as
shown in Fig. 2.
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dx/dt
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APPLICATIONS AND SIMULATIONS

Let the stiffness matrix /K be selected as the following two diagonal matrices,
respectively,

P4k RGERHEE] T F
P4k R GER Bk — B

-1 1 0 0 -1 1 0 0
1 =21 0 1 -3 2 0
0 —1 0 0 5 -5

il

8 F 7T

and the initial conditions of system (2) are taken as follows

wio = (97 _1>T7
Wy = (_57 _9>T7

Wwoo = <_87 2)T7
wso = (7,—6) ",

wsp = <_77 _3>T7
weo = (8,4) " (8)
for the initial time £, = 0. Therefore, it follows Theorem 1 that the synchronization

state s*(t) = (u*(t),v*(t))" for such networked (MSD) oscillator system is explic-
itly given by

{ w*(t) = —10.17 4 13.07sin (1.43t — arctan(7.15)), -
U*

(t) &~ 18.69 cos (1.43t — arctan(7.15)).
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APPLICATIONS AND SIMULATIONS

Figs. 3-4 are the simulation results corresponding to this situations, which clearly
show the evolution process of the synchronization state of system (2) with two kind
of the stiffness matrix in time interval [0, 50], respectively. It is explicitly shown
that the networked (MSD) oscillator system (2) can be synchronized to a simple har-
monic motion by mild nonlinear network connectivity, even if the isolated (MSD)
oscillator 1s chaotic or others, and so this conclusion is indeed consistent with theo-
retical results.

Time Time
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CONCLUSIONS AND SIMULATIONS

In this work, we have investigated the synchronization dynamics for a class of
networked mass-spring-damper (MSD) oscillator systems with nonlinear spring in-
teraction. The primary contribution of this work is to give an exact solution of syn-
chronization state for such networked oscillator systems. Accordingly, an interesting
conclusion is reached that the networked oscillator systems can be synchronized to
a simple harmonic motion by mild nonlinear network connectivity, even if the iso-
lated (MSD) oscillator has complex dynamics itself. Numerical examples are given
to demonstrate the effectiveness of the theoretical results, too. It is believed that the
obtained results should provide some practical guidelines for the designs and imple-
mentations of coordinated control of networked dynamical systems in engineering
applications.
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1. Jin Zhou, Quanjun Wu.: Exponential Stability of Impulsive Delayed Linear
Differential Equations. IEEE Trans. Circ. Syst. II. 56 (2009) 744-748

ZIE— Mk PR iR I T AR

B(t) = Ax(t) + Ba(t — 1), t # ty, t >t
{ Ax(t) = ka(t_), t=ty, ke N

BANERIM T ERZLER: —. WRIKPRHFE MR IER(EED)HERE
B, ME—EREBR)ERIRER; = PEBES - IREFEIETIE
EREHEE, BMEERFAEEN2ER.

— HAEEN 3  R Gkt e e v

2. Quanjun Wu., Jin Zhou., Lan Xiang.: Global exponential stability of impulsive
differential equations with any time delays. Applied Mathematics Letters. 22 (2009)
doi:10.1016/j.am1.2009.09.001
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ZERPIEL R F 31 1 R St
B(t) = f(t,m), t#tt >t
Az (ty) = Ie(tr, =), k€N
xm::¢.
HTFEREXORBHRERKMNEEZCH: — BETEEEER
TRIEZRMEE RGN EBRIERIAEN TS FHE, —. TSR0t —

K IPIE S R RIZEME T EE— TR IEL SN W RS REER I AT &
AR, EEREMH.

—. NH

W 2455561 2 Ge 11— 25k (Consensus of networked control systems);
W& 9= 1[5 28 ( Synchronizations of coupled oscillators);

2t X 2% 1152 1 M2 3 (Designs and applications of neural networks);

Lagrange JJ 2% W 2% ) i % il (Coordinated control of Lagrange mechanical
networks)
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i(t) = f(t,2(t), 2t — 7)) = —Ca(t) + Ag(x(t)) + By(z(t — 7(£))),
XB(t) = (21(t), 22(t) T, g(x(t)) = (tanh(z;(¢)), tanh(zo(t)) T, 7(¢) = 1, F0

10 20 —01] . ~15 —0.1
¢= [o 1]’ A= [—5.0 3.0 ] with - B = [—0.2 —2.5]°
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A fully developed double-scroll-like chaotic attractors of the isolate delayed Hopfield neural network.
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Z BHEEEABIN, EHMA T Z MRz B HER X RITE.

RSN ERBNFUT:
Q?L(lf) = Ui(t), (QL’L(t =F 1) = uz-(t)), (10)
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. ARSI
HEL: 6,() = ) ai(ai(t — 7ip) — milt — 705),
JEN;
R. Olfati-Saber, R. M. Murray.: Consensus problems in networks of agents with switching
topology and time-delays. IEEE Trans. on Autom. Contr., 49, 1520-1533, 2004.

Hﬂ‘i%z SCZ Z az] x] TZJ — &y (t))>
JEN;

L. Moreau.: Stability of multiagent systems with time-dependent communication links.
IEEE Trans. on Autom. Contr., 50, 169-182, 2005.

Hﬂ‘i%3 1171 Z az] x] TZ] )) - xi(t - Tij(t)))7

JEN;
Y. G. Sun, L. Wang, G.M. Xie.: Average consensus in networks of dynamic agents with

switching topologies and multiple time-varying delays. Systems & Control Letters, 57, 175-183,
2008.
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Consensus Problems in Networks of Agents With
Switching Topology and Time-Delays

Reza Olfati-Saber, Member, IEEE, and Richard M. Murray, Member, IEEE

wi(t)= Y aijfej(t = 7i) = @it = 7ij)] (A2)

vy eV

Theorem 10: Consider a network of integrator agents with
equal communication time-delay 7 > 0 in all links. Assume the
network topology ( is fixed, undirected, and connected. Then,
protocol (A2) with 7;; = 7 globally asymptotically solves the
average-consensus problem if and only if either of the following
equivalent conditions are satisfied.

D 7€ (0, 7%) with 7" = m/2X,. Ap = Apax(L).

ii) The Nyquist plot of T'(s) = ~7%/s has a zero encir-

clement around —1/Ag, Yk > 1.
Moreover, for 7 = 7* the system has a globally asymptotically
stable oscillatory solution with frequency w = Ay,.
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Ei(t) = ) ay(;(t —7i5) — zilt — 7))

JEN;
+00 n

+> ) bi(ai(tn) — mi(£2))( — tm), (11)
m=1j=1 j#i

H b, A PR Hl 18R, o(t) R INHL5e R &5
GARD;; = 0, MHFLA DR —DET 5 2048 E T = B — B,

Bi(t) = D (@it — 1) — Tt — 7)),

JEN;

TSR E = HOIlfati-SaberAIMurray 2 H B — B 8 BYHET .
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EWHRADT, RFEAOES TERAEN:

{ B(t) = —La(t — 7(t), % tm,t > to,

Az(t) = —Mz(t™), t=tmme N, (12)

HAPM = (—bij)nxn A—LaplacianfE [, BERFFIEE A0 = M\ (M) < 2o(M) <
< (M),
EIE 1 BERNHEINIMEKA2), HTm e N, MR TIIFHRAL

(A1) | M]? < 2Xo(M*);
(As) FE—INEEHo > 0, (F15

TI LI + s M|1?
G B vy WiV e
Hefy = .

— 2)\2<LS) S '8

minmeZJr{tm — tm—l} + 1’
(43) In{1 — 2Xo(M*) + || M|]*} + a(tm — tin-1) < B <0.
T B 5 B 0 X 4% (12) AT —BUSh i A 2 3 — B
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W 24 2 45 Bk o — BOPE L

TR 1 TIEIRBPEED DM 12)BY T — BN RS T E S W 2%
BYRFNE R L, TR T Bk 8 25 5685 M FOBK I B) Bt — L1

T 2 R —BMILQBEEUWTEMER: E—, MR < . ER
PUINEME R Z Q) FEE—8; EZ, WRr(¢) > 7, MWk a DT FEER
BIRET R EME R (12)18 2 1 —3.

3. M BA VI

HTFMERIT R A RS, AHERREATRET n 2 BFEERIMm
(1 X LT S Z B BB LA R E A A =AM R BB, [RR T EERRy R
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