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Abstract— This work is dedicated to frequencyf [2] and [3], a directed weighted topology israttuced
synchronization problem of a group of networked gghao depict the entangled links between all genesator
oscillators via event-triggered mechanism. An &fit Meanwhile, an event-triggered control mechanism is
event-triggered control protocol is designed fomcteng designed to guarantee frequency synchronizatiorther
synchronization, and criterions with coupling sgggmand purpose of energy-saving and packet-loss attenuatio
certain trigger function are also established. sltalso communication.
shown that the inter-event times are lower bounded
hence there is no Zeno behavior. To illustrate amdfy 2. Problem formulation
the effectiveness of the proposed control strateagimple
example of frequency synchronization of networké&dl. Networked oscillator model
oscillators involved in smart grid is also demoatsd.

Numerical results further demonstrate the validifyour In this work, we consider a Kuramoto-like model,

theoretical results. which governs the interactions between coupled
oscillators with underlying all-to-all graph, hadet
1. Introduction following form
o _ o 6 =w +kD sin@, -6) 1)
Synchronization phenomena widely exist in natural I

world and also occur in man-made systems in variou
fields such as neural networks, sensor networlyg,
biological networks, and smart grids. Frequenayatural frequency, the parametkr> 0 is the coupling
synchronization is reported vital for stable operatof strength between each pair of oscillators. For Baity it
electrical power grid [1], and the synchronizatwontrol is assumed that all nodes are connected to all oibe,
problems of phase oscillators have attracted maimylicating an all-to-all topology and the natunaduency
attentions. The pioneering work by Ali Jadbabaieaket ) are assumed to be non-identical and randomly select
analyzed the collective dynamics of networked tradal .
Kuramoto oscillators with identical natural freqognand POSitive numbers. . o
arbitrary topology [2]. Nikhil Chopra and Mark Wp&ng In light of the work [2], by defining the incidence
studied conditions for synchronization of coupletage matrix of the topologyB = (b, ), wherely; = —1denotes
with different natural frequency [3]. Recently, Malav
Michev et al. studied cooperative behaviors in ¢edp
oscillators with non-identical interactions, andativered the edge j is out-coming to oscillator i, one cétam the

the sufficient condition for exponential synchratizn | apjacian matrix of the underlying graph,= BB' . The
[‘3- AS evgnt—triggelred ﬁontrol [gll_ShO‘]{VS consideea ahove network model may be rewritten in a conaisen
advantage in reducing the possibility of commurigat N i T

delay, and packet loss in data transferring in ©=w-Bsin(B 6) 2)
communication channels, and outperforms continuou¥here
time control for energy saving since it only measuthe O(t) =[6,(t),6,(t),- ()], w=[w,, @, -, @y -
system state intermittently. An event-based appirdac The objective of this work is to establish suffitie
Kuramoto oscillators was presented very recentiy all conditions for ensuring frequency synchronizatiowler
oscillators with all-to-all connections are provedreach given coupling strength with an event-triggered tomin

the average of all natural frequencies under gettajger mechanism and suitable coupling strengths.
condition and event-triggered control mechanism [6]

In real networks such as smart grid, it is too libws Definition: Frequency synchronization
to assume all generators bear fully-connected tmyol  For any pair of oscillators, if their phase freqcies
and the final synchronous state may deviate from tBatisfies
average of their natural frequencies. Inspiredhzywork : :
’ | pirecltey 41-6,@t) - 0 ©)

ere @ stands for the phase of i-th oscillatag is the

the edge j is incoming to oscillator i, ab;il =1denotes
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ast — oo,00i,j =12,-,N. | W = Wi
k > max min ' (6)
2cose)

It indicates each pair of oscillators reaches a rmom
frequency whereas their phase differencesich thatS?i - Hj 0D foranyt>0.

8 (t) - 8, (t) become invariant asymptotically. It is assumed that each oscillator has only thelloc

Although a great deal of works has focused on thisformation, the actual frequengj(t) and the measured
topic, continuous-time communication between ostlls
is usually assumed. It requires that oscillatorBected
data in a continuous way, and hence may affected ction and criteria for Synchronization, definbet
various factors to a considerable extent, such owing measurement errors for each oscillator,
communication failure, delay transition, and padkes. et)=6(t,)-6(t),k=012---, (7)

It is of interest to consider under what conditicthe
coupled oscillators reach their mean natural fraqies
by using an event-triggered control mechanism, faoa
to establish the relation between control streragtth the 2.3. Main results

synchronization for reaching mean natural frequency

This work will concentrate on the above problemd adn this section, our main result will be given. Fibre
establish criteria for frequency synchronizationthwi above oscillator networks, by concatenating altestaof

frequencyé?i (t,).In order to constitute efficient trigger

An obvious observation is thet(t, ) = 0.

event-triggered mechanism. the oscillators, it may be represented by using the
following compact form
2.2. Event-triggered control strategy O(t) = w-kBsin(B" (O(t) +&(t))), Ot Ot ,t,.,) (8)

: — T
The main idea of event-triggered control strategyfar with &(t) =[&, (t),& 1), &y (O] -
each control unit, to update the controllers atcijgel One can readily compute the derivate of the ogoillas

time instants at which some predefined triggering O(t) = -kBdiag(cosB" O(t)))B" O(t)
conditions are satisfied. It shows good performairce ——kE(G)t N t)
energy saving and bandwidth usage attenuationciediye - (®) +et)

for networked control system with often data traission. where L = Bdiag(cos@'@))B" remains symmetric,

By considering whether all individuals over thewetk positive semi-definite matrix with initial phaseffdrence
use same triggering functions with all their stat&ch a restriction (5).

control mechanism may be categorized as centraéineld . ~ - :

distributed approachesy ¢ Noting thatL Q1 = 0,and defining(t) =© — Q1, one
For simplicity consideration, only the centralizednay use the traditional Lyapunov function method fo

situation is studied in this work. Now we are ip@sition Synchronization study of the above oscillator nekso

to propose our event-triggered control law for freqcy S )

synchronization. The above model with event-trigger Since the objective is to make all oscillators reac

controllers becomes common frequency, the mean natural frequency, omg m
) (t) = ; ick a Lyapunov candidate for the oscillator systam
4= +k;sm(ej (t)-8t)). OOl L) (@) Pl abyap y
wheret, is thek-th event instant of the entire network. The V= %5(0T a(t)

above model implies that the control protocols ealy be : : .
actuated at specified time instant triggered onhemwthe Aﬁer sor?e. algebraic operations, it yields that

trigger function meet certain conditions. vV =a(t) o)

In order to achieve frequency synchronization, the J(t)T(— kI:(O(t)+e(t))):5(t)T(— kI:(J(t)+e(t)))
knowledge about the updating time instants is atseded i o - ]
together with the event-triggered controllers. Recalling the definition of matrik and the properties of

It is assumed that all initial conditions are comeal in the triangular function, restrictind< with condition (6), one
following compact set obtains that

D={§.6|6-6|sm2-2600,j=12-}.(5)  V<-sine)k, (Lo koM Le(t)

Firstly, a lightly modified lemma on the basis ] [is ) ~ 2 k?
given for latter use. < -sin@e)kA, (L)|o)|’ +§L5(t) "'ﬁHe(t)Hz

Lemma 1[3]: For the network model (1), let all initial By selecting 5= Ay, and using the symmetry of the
phase difference be contained in a bounded seT (&n,

. _ T .
there exists a coupling gain matrixL = BB , one can obtain that
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k2
21,

V < —sin@e)kA, (L)|o)|” +"2N5(t)2 +
= —k[sin(Zs))IZ(L) _A(b)

n= (ksin(Zs)/]z(L) —/]7”}

and restrice(t) to satisfy

24, (L)(o -1+ with 11 =
PR CICa ST TP »
Kk Proof.
One can obtain that Inspired by [5], one can calculate the derivativetre
V <-(-0)|o)|”. ay le(®)|
To design a feasible event-triggered control sgy_a,teq ||5(t)||

and recall condition (6) and,(L) =A, (L) =N, one

r=KU[" @+ y)’dy>0

J21

J(D@-1+7)

d Je®] _ e®)"er) )T Jet)]

may assume

_ dejo)] ewflow]  Jow) ool
k>max{|wmax wmi"|, .1 /]N(L)} (11) . ; -
2c0s@s) ' 2sin(2e) A,(L) _ el | ey
From the above deduction, one may choose the trigge ||5(t)|| ”5(,[)"2
function as
- V22, (L)(o ~1+7) )] ) )]
f ,0) = - o(t)| =0. = MU | N N D |
OO B ool o)
The event times is then defined by the triggering ||e(t)|| Hé)(t)”
function f (e(t,),d(t,))=0, for an increasing sequel = 1+m m
k=12
At each instantt,, one may observe that theS 1+||e(t)|| k|||_||||5(t)||+||e(t)”_
measurement erroe(t,) = O(t,) — O(t,) = 0, which ||5(t)|| ||5(t)||
guarantees the validity of the triggering conditibor any The last inequality above is allowed due
other time instant, all oscillators evolve by usitite HE s||L||, LOQ1=0.

frequency data collected & and hence follows a

piecewise constant control between the time intervgy using the notatiory = ”e(t)” _one obtains that

[te,t.), 0Ok =22---, which ensures all oscillators

reach the common phase frequency, i.e., the meamnaha
frequency.

Theorem 1: Consider the coupled oscillator network
(1), with all-to-all connections depicted by theigdence

condition (11), the designed event-triggered cdhaw (4)
with triggering function (12) guarantee all osditles

manifold is locally exponentially stable with an
exponential convergence rate no worse tharo, where

parameterQ < g <1lis defined as above.

¢

Therefore,

Following the similar line as in Ref. [5], one calso
obtain the following result, implies the oscillatoetwork
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y<KL|@+y)?
and Y is upper bounded by
y(t) < &(t,9,),
matrix B. For a specified coupling strength satisfying/ith @(t,#,) is the solutions of

¢ =K|L|@+y) .20 .¢,) = o

reach the mean natural frequency, and the synctation The inter-event times are lower boundedibgubject to

(0)=

J2A, (L)(o-1+n) |

k

r=KL[" a+ vy,

which is implicitly denoted by (12).

, System shows no Zeno behaviors, which gives outhano
le®)|” result

2 kA (L) > Theorem 2: For the above studied system with control
2 Hd(t)H + 2 He(t)H law (11). For anyO< g <], and the specified initial
Let condition (4), the inter-event timgg ,, —t,} given by
the triggering condition (12) are lower bounded by

to



\/2/]N(|_)(g_1+,7) In this work, we consider the frequency

with g/ = synchronization of a group of networked oscillataigh
k non-identical frequency. With Lyapunov stability tined,
It completes the proof. an event-triggered control strategy together witecified
triggering condition is established. The triggering
3. Numerical Simulations condition proposed hereby relies on the measurement

error and the all oscillators’ deviations from theean
For demonstration purpose, a simple example Wiytural frequency. It is also demonstrated thatititer-
numerical simulations will be carried out. In smarids, event times involved is lower bounded and henceetise
it is of importance to make the rotators of all getors ng Zeno behaviors.
keep synchronous. It is assumed that there are 6yumerical simulations are also carried out for the
generators are involved, with all-to-to connections verification purpose via a network of phase ostilis
With the selection of parameteis 04,0 =06, One which typically models the operations of coupled
may verify that the conditions proposed are fudflll The generators in power grids. It shows that the design
designed event-triggered control (4) and the trigge control mechanism can guarantee the frequency
function (12) can drive all oscillators reach theean synchronization of networked oscillators, and the
natural frequency. Fig. 1 and Fig. 2 shows the migak frequency deviations vanish rapidly and the phase
results, and one can observe that all frequenciegerge difference remains constant as time elapses.
to the mean natural frequency and the final phase
differences remains constants, which verifies thkdity
and efficiency of proposed control strategy. References
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Fig.2: Time history of all oscillators
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