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Abstract: This paper investigates the stabilization for stochastic coupled Kuramoto oscillators
(SCKOs) via nonlinear distributed feedback control. An original nonlinear distributed feedback
control with the advantages of fast response, no steady-state deviation, and easy implementation is
designed to stabilize SCKOs. With the help of the Lyapunov method and stochastic analysis skills,
some novel sufficient conditions guaranteeing the stochastic stability for SCKOs are provided by
constructing a new and suitable Lyapunov function for SCKOs. Finally, a numerical example is given
to illustrate the effectiveness and applicability of the theoretical result.
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1. Introduction

In recent years, coupled systems have been extensively studied for their applications
in physics, ecology, epidemiology, etc. [1-12]. In particular, coupled Kuramoto oscilla-
tors (CKOs) have received a lot of attention, and their dynamical properties have been
investigated by many scholars [13-16]. In [14], researchers not only studied CKOs’ robust-
ness, but also pointed out their research value in the field of deep brain stimulation in
neurological diseases. In [15], a novel method of perceptual grouping model is proposed
based on CKOs, which can dramatically improve the convergence speed, anti-noise ability
and computing performance. So far, CKOs have been applied in various fields broadly,
such as engineering, chemistry, biology and mathematics [17-22]. However, CKOs in the
real world are always affected by environmental noise inevitably, which may change the
dynamical properties of CKOs in general, and stochastic models are more consistent with
the actual world relatively [2,23-25]. In some cases, the perturbation intensity to CKOs
is linear; please see the literature [23,26]. As is known to all, in many practical situations,
such as engineering, physics, mathematics and other fields, CKOs may also be influenced
by nonlinear perturbations [27,28]. Consequently, it is necessary to consider stochastic
coupled Kuramoto oscillators (SCKOs).

The practical application of SCKOs mainly depends on their dynamical properties,
especially stability. Thus, how to analyze and control the stability of SCKOs is an important
issue of concern to the scientific community. In this paper, we focus on the stochastic
stability of SCKOs model with input control as follows.

k & ; .
d()i(t) = Wi — E Z sin(Gl-(t) — gj(t)) + u; dt + Déigfl(t)dBiU), i=12,...,n, (1)
j=1

where W; is the vibration frequency of oscillators in the absence of interaction, 7 is the
number of the oscillators, and constant k represents the coupling strength. The phase of
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oscillator i is denoted as 6;, which is a variable moving around the limit cycle and increasing
with time. sin (6; — 6;) stands for the influence of oscillator j on oscillator i. We use u; for a
control and B;(t) for a one-dimensional Brownian motion. In addition, the perturbation

intensity is represented by a,@lﬁ !, and «; and f; are two positive constants.

As we all know, the Lyapunov method is one of the powerful methods to discuss
system stability. However, it is very difficult to construct an appropriate Lyapunov function
for system (1), because it is nonlinear and takes input control as well as random factors into
account. Motivated by the above discussions and some studies in the literature [29,30], we
aim to design the controller u; to ensure that system (1) satisfies the following two points:

1. System (1) has a unique trivial solution 6* = (0,0,..., O)T ;
2. The solution 6* of system (1) is stable.

Compared with the previous literature, our main contributions are as follows:

* Anovel nonlinear distributed feedback control is designed to stabilize the SCKOs.

* By constructing a new Lyapunov function for SCKOs and applying some stochastic
analysis skills, sufficient criteria for the stability of SCKOs which can be easily checked
are obtained.

* A numerical simulation is performed to verify the effectiveness and applicability of
our theoretical result.

The rest of this paper is organized below. Section 2 introduces the notations and
preliminary knowledge. In Section 3, a new nonlinear distributed feedback control is
designed, and some novel sufficient conditions are derived to determine the stability of
SCKOs by the Lyapunov method and stochastic analysis skills. Section 4 presents an
example and numerical simulation to verify the effectiveness and applicability of our
theoretical result. Finally, some conclusions are given in Section 5.

2. Notations and Preliminary Knowledge

In this section, some notations which will be used later are introduced in Section 2.1.
Some knowledge about stochastic analysis and the definition of stochastic stability are
given in Section 2.2.

2.1. Notations

Throughout this paper, we use the following notations unless otherwise specified. Let
R be the set of real numbers, RT = [0, +00), Z*" = {1,2,...}, and R" be the n-dimensional
Euclidean space. The a V b and a A b represent the maximum and the minimum of 2 and b,
respectively. The indicator function Ip of a set D is defined by

[ 1, forxeD,
ID(X)_{O, forx & D.

Denote the Euclidean norm for matrices by | - | and write the transpose of vectors
or matrices as superscript “T” in the full text. Let C>!(RY x R*;R) represent the family
of all real-valued functions V(x,t) defined on R? x R* which are continuously twice
differentiable in x and once differentiable in f. A function a: R™ — R is of class ¥, if « is
continuous, strictly increasing and «(0) = 0. A complete probability space is represented
by (Q, F,F,P), in which Q) is a sample space, F is a o-field, F = {F;};>( satisfies the
usual conditions, and PP is a probability measure. Let B(t) = (By(t),...,Bu(t))T be an n-
dimensional Brownian motion, which is defined on the probability space. The mathematical
expectation with respect to the given probability measure P is denoted by E(-).
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2.2. Preliminaries

In what follows, some prior knowledge about stochastic differential equations is
presented, which can be found in [23]. Consider a general stochastic differential equation,
which is described in the following form

dx(t) = f(x(t),t)dt + g(x(¢), t)dB(t),

where x = (x1,...,x,) € R", and B(t) is an n-dimensional Brownian motion. In addition,
functions f, g : R"” x RT — R" are the drift coefficient as well as the diffusion coefficient,
respectively. For any given V(x,t) € C*}(R" x R*;R*), we define a differential operator
LV(x,t) as follows.

oV(x,t)  oV(x,t) 1 T 02V (x,t)
t) = £+ = f) L o(x,
LV (x,1) = S + ST (1) + strace g7 (x, ) S5 5 ()]
where

2V (x,t) ?V(xt) 2V (x,t)
Wb aven . sV
0V (x,t Vi(x,t V(x,t
V(x,t) _ (E)V(x,t) aV(x,t)) RV(x,t) | Tmay mon oo
ox ax; 7 ox, /T ox2 : : ' :
2V (xt)  PV(xt) 2V (x,t)
dx,,0x1 0x,,0x2 U 0x,0Xy,

Definition 1 ([23]). The trivial solution of system (1) is said to be stochastically stable if for any
e € (0,1)and r > 0, there exists a 6 = 6(e,r,tg) > 0, such that

P{|x(t;to, x0)| <71, t >t} >1—¢,
wherever |xy| < 6.

3. Main Result

In this section, a nonlinear distributed feedback control is designed, and sufficient
criteria for the stability of system (1) are obtained by constructing a suitable Lyapunov
function and applying some stochastic analysis skills.

Theorem 1. A nonlinear distributed feedback control
up = — (3k + tx?)sgn@i — Wi (2)

is designed, where W; is the vibration frequency of oscillators without interaction, and k denotes the
coupling strength. The phase of oscillator i is represented by 8;, which is a variable that moves around
the limit cycle and increases over time. In addition, u; is the positive constant in the perturbation

intensity zxi()iﬁi. If Bi € (O, %], then system (1) has a unique global asymptotic stochastic stable
trivial solution 8* = (0,0, .. .,O)T.

Proof. For the aim of this paper, let

Vi(6;,t) = %9? + % y {1 - cos</0t 6;(s)ds — /Ot Gj(s)dsﬂ. 3)

j=1

By the definition of operator LV (x, t), it follows that
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LVi(0;,t) = Gi[Wi—

) sin(6; — 0;) — (3k + zxiz)sgnGi - WZ-]

+fl]é sin(/ot 0;(s)ds — /Ot Gj(S)ds> (6; —6)) +a? (91&)2
< %f sin (6; — 6;)6; — (Bk—l-oc )|9|+0€2|9|+ng(|9i‘_|9j|)
= f
< (3k+a)\9|—(3k+0¢)|9|+II§Z(|9| i)
< fli(wmein. @

We describe system (1) by a weighted directed digraph (G, A) with n(n > 2) vertices,
where A = (ai]-)nxn = (k/n)nxn is a weight matrix which stands for the coupled strength
of oscillators of system (1). Each vertex of the directed digraph G denotes an oscillator of
system (1), and the directed arcs represent the inter-connections and interactions among
vertex systems.

Let V(6,t) = Y1 1 C;Vi(6;,t), where C; = kn(;lz_l) (i=1,2,...,n) is the cofactor of the
i-th principal diagonal element of the Laplace matrix

k(n-1)  _k _k
n n n
_k k(n-1) _k
n n n

_k _k ... k@x=D
n n n

of weight matrix A. In addition, using inequality (4) and combinatorial identity (see
Theorem 2.2 in [31]), we can derive that

n

1 k
LV(0,t) =) CiLV;(6;,t) < Z Ecl-(|9]-| —16:])

i=1 ij=1

= Z W(Q) 2 (|95| - |9r‘)
QeQ (s,r)€E(Cg)

<0,

where Q is the set of all spanning unicyclic graphs, W(Q) denotes the weight of Q, Cg is
the directed cycle of Q, and (s,r) € E(Cg) is a set of arcs (s, r) leading from initial vertex s
to terminal vertex r. For more detailed knowledge of graph theory, readers can refer to the
following studies [32,33]. Furthermore, by applying the definition of V (6, t) and Equation
(3), we can immediately obtain that

K'(n—1) 1 u k" ( )
v(o,t) > 67 > 162 2 u(le]),
i=1
inwhich u(+) = %()2 € k. Moreover, lete € (0,1) and 0 < r < n. From the continuity

of V(6,t) and V(0,0) = 0, we learn that there exists a § > 0, such that

1sup V(6,0) < u(r),
9655
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in which S5 = {6||6| < 6}. Then, we can easily see that § < r. Note 6(t;0,0) = 6(t), and
assume that T = inf{t > 0;60(t) ¢ S,;}. According to the Itd’s formula, it is not hard to
deduce that when t > 0,

TAL TAE
V(O(TAt), TAt)=V(0,0)+ / LV (6(s),s)ds —I—/ Wﬂq@f" (s)ds.
Jo 0
Then, it derives that
EV((Tt At), TAt) <V(0,0).

For simplicity, we write that when T < ¢,
Bz At)[ =0(T)| =
Therefore,
EV(O(TAL), TAL) > E[I{Tgt}V(G(T),T)} > u(V)P{t < t}.

To here, we have obtained that

P{t <t} <e
Let t — co. Thus, it obviously follows that

P{t < oo} <e.
From what has been discussed above, it is straightforward to show that

P{lo(t)| <r,t>0} >1—e.

In other words, system (1) is stochastically stable, which means that the proof is
complete. [

Remark 1. In recent years, many researchers have used feedback control to study the stability of
a system; see for example [34-37]. A novel nonlinear distributed feedback control is proposed to
stabilize system (1). Compared with general feedback control, the new nonlinear feedback control
has a faster response because it is a distributed control. Furthermore, the proposed controller causes
no deviation of oscillators’ vibration frequency in steady state, so it is unnecessary to introduce an
integral term to eliminate the deviation. Hence, the controller for system (1) is easy to design. To
summarize, the controller that we design has the advantage of quick response, no steady-state error
and being easy to implement.

Remark 2. In fact, by a sign function, the designed controller can perform power instruction via
making a comparison with instantaneous frequency 6; and the given equilibrium frequency. The
designed nonlinear distributed feedback control can be regarded as a sliding mode control. Here, u;
has a variable structure, which always changes purposefully based on the current state of the system.
This forces the system to slide into a predetermined state trajectory such that the state of Kuramoto
oscillators converges to an equilibrium point.

Remark 3. It is very difficult to find a suitable Lyapunov function for system (1) due to its complex
structure. From the proof of Theorem 1, the Lyapunov function V (6, t) for system (1) is constructed
as V(0,t) = Y C;Vi(0;,t). It is easy to see that C; depends on not only the coupling strength
between the individual oscillators but also on the topological structure of system (1). Therefore,
finding V;(6;,t) is the key in the study of stabilization for system (1). The problem is solved
successfully by constructing
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1, k& t t
Vi(6i t) = 502+ E; {1 —cos(/o Qi(s)ds—/o ej(s)dsﬂ.
4. Numerical Simulation

In order to illustrate the effectiveness of the theoretical result, a numerical simulation
is given in this section. For system (1), we suppose n = 7. Other corresponding parameters
are listed in Table 1.

Table 1. Corresponding parameters of system (1).

No. w; o Bi
1 2.2343 3 0.1667
2 —4.8676 1 0.3333
3 5.5776 2 0.2500
4 —1.7688 4 0.2000
5 5.1792 5 0.1667
6 2.4505 3 0.2000
7 —3.9546 1 0.3333

Choose k = 50. Let the values of ; and W; be the same as shown in Table 1. Obviously,
we have 0 < ; < % fori=1,2,...,7. Thus, the values of all the parameters we set
satisfy the condition of Theorem 1. According to Theorem 1, system (1) has a unique global
stochastic stable trivial solution * = (0,0,0,0,0,0,0)T.

In addition, we choose the initial phase position as 6y = (25, —27,25, —23,28, —29, 28)T.
The sample path of system (1) is described in Figure 1.

30 T

Oscillator1
Oscillator2
Oscillator3 | -
Oscillator4
Oscillators
Oscillatoré
Oscillator7

O(rad)

30 . . . . . . . . .
0 005 01 015 02 025 03 035 04 045 05

Time t(s)

Figure 1. The sample path of the solution to system (1).

From Figure 1, it is easy to find that the solution of system (1) is stochastically stable.
Hence, the simulation result confirms the effectiveness of our theoretical result.

Remark 4. Stability is a quite important characteristic of system (1). Only under the premise of
maintaining stability can system (1) work normally and meet the requirements of other performance
indicators. From Figure 1, we can easily find that system (1) is stable, which is largely due to
the controller we have designed. For readers to understand and convince, as a comparison, we
remove the controller and the stochastic perturbation to confirm that the robustness of our designed
controller is excellent. According to the idea of control variables, the values of all relevant parameters
are still the same as those in Table 1 above, n = 7, k = 50, and the selection of the initial phase
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position is also the same. Then, we give the numerical simulation result, which is shown in Figure 2.
From Figure 2, we can clearly see that the system is not stable, and it may even generate chaos in
some cases.

30
20 1
Oscillator1
10 Oscillator2 |
Oscillator3
- Oscillator4
8 ok Oscillator5 | |
= Oscillator6
Oscillator7
10 F 4
20 F 4
e
0 0.05 0.1 015 02 025 03 035 04 045 05

Time t(s)

Figure 2. The trajectory of the solution to system (1) without the controller and the stochastic
perturbation.

5. Conclusions

In this paper, we have discussed the stabilization of SCKOs by designing a novel
nonlinear distributed feedback control successfully, which can guarantee that system (1)
has a stable equilibrium solution 6* = (0, 0, .. .,O)T. In view of the Lyapunov method,
some original sufficient criteria have been obtained. A numerical simulation has also
been given to verify the applicability and effectiveness of our theoretical result. In fact,
our approach can also be applied to explore the stabilization for SCKOs perturbed by
some other types of noises, such as SCKOs with Markovian switching and SCKOs with
Lévy noise. We will be committed to solving these problems by using our approach in
the future.
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Abbreviations

The following abbreviations are used in this manuscript:

CKOs Coupled Kuramoto oscillators
SCKOs  Stochastic coupled Kuramoto oscillators
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