SYNCHRONIZATION OF NONUNIFORM KURAMOTO OSCILLATORS
FOR POWER GRIDS WITH GENERAL CONNECTIVITY AND
DAMPINGS

YOUNG-PIL CHOI AND ZHUCHUN LI

ABSTRACT. We consider the synchronization problem of swing equations, a second-order
nonuniform Kuramoto model, with general connectivity and dampings. This is motivated
by its relevance to the dynamics of power grids. As an important topic in power grids,
people have been paying special attention to the transient stability which concerns the
system’s ability to reach an acceptable synchronism after a transient disturbance. For this
concern, an important problem is to determine whether the post-fault state is located in
the basin of attraction of synchronous states (sync basin). Recently this issue is becoming
more and more challenging since the highly stochastic renewable power sources exert more
transient disturbances on the power grids with increasing size and complexity. In [Proc.
Natl. Acad. Sci. USA, 110 (2013), pp. 2005-2010], it was pointed out that the sync basin is
an important unsolved problem. In [STAM J. Control Optim., 52 (2014), pp. 2482-2511],
an explicit estimate on the region of attraction of coupled oscillators with homogenous
damping for network with diameter less than 2 was obtained. However, it turns out that
these assumptions are too restrictive in many real situations. The purpose of this work
is to study the emergence of synchronization and give an estimate for sync basin for the
nonuniform Kurmaoto model on connected graphs with general dampings, which is the
most general setting for a connected power grid. Our strategy is based on the gradient-like
formulation and energy estimate.

1. INTRODUCTION

General background.- The synchronization of large populations of weakly coupled
oscillators is very common in nature, and it has been extensively studied in various scientific
communities such as physics [I], 31], biology [16], sociology [30], etc. The scientific interest
in this topic can be traced back to Christiaan Huygens’ report on coupled pendulum clocks
[21]. However, its rigorous mathematical treatment was done by Winfree [38] and Kuramoto
[24] only several decades ago. Since then, the Kuramoto model became a paradigm for
synchronization and various extensions have been explored in scientific communities such
as applied mathematics [5], [7, [§], engineering and control theory [9) 12 [I3] 4], physics
[1, 29, 31] and biology [16].

In the present work, we consider the synchronization of second-order nonuniform Kuramo-
to oscillators which is a typical model for power grids. As a complex large-scale system, the
power grid has rich nonlinear dynamics, and its synchronization and transient stability are
very important in real applications. Roughly speaking, the transient stability is concerned
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with the ability of a power network to settle into an acceptable steady state following a
large disturbance. In recent years, renewable energy has fascinated not only the scientific
community but also the industry. It is believed that the future power generations will rely
increasingly on renewables such as wind and solar power. These renewable power sources
are highly stochastic; thus, an increasing number of transient disturbances will act on in-
creasingly complex power grids. As a consequence, it is a challenge to study complex power
networks and their transient stability.

The Kuramoto models.- The classic Kuramoto model is given by the following equa-
tions:

. KX
(1.1) Oi =i+ > sin(6; — 6;),
j=1

where 6; and €2; € R are the phase and natural frequency of i-th oscillator, respectively. This
model has been studied in many literature and a central problem is to look for conditions
on the parameters and/or initial phase configurations leading to the existence or emergence
of phase-locked states, see for example, [5] 9, [18] 22] 25 B6]. Another well-known model of
first-order coupled oscillators is the non-uniform Kuramoto model

N
(1.2) d;0;, = Q; + Z Qg5 sin(Hj — 01),

j=1
where d; > 0 and €2; € R. The coefficients a;; > 0 represents the coupling (influence) from
j-th oscillator to i-th oscillators. We can define an associated underlying graph G = (V, W)
such that V = {1,2,...,N} and W = {(4,7) : a;; > 0} . In [11], 12| 23], the synchronization
condition for was considered by using differential inequalities for the phase diameter
(difference), spectrum in algebraic graph theory or cutest projections.

Second-order coupled oscillators.- The inertial effect was first conceived by Ermen-
trout [16] to explain the slow synchronization of certain biological systems; mathematically,
incorporating the inertial effect is simply adding the second-order term mb; to where
m > 0 is the inertia constant. For mathematical results on this inertial model we refer to
[0, [7, B]. The bistability of patterns of synchrony in two coupled populations of inertial
Kuramoto oscillators was considered in [2].

The standpoint of this paper is that the power grids can be described as a network of
nonuniform oscillators with inertia. In the past decades, the relevance of coupled oscillators
to the power grids has been reported in many literature and the study on certain proper-
ties of power grids through coupled oscillators has fascinated the scientific community in
physics, engineering and applied mathematics [12, [I5] [17], 26], 28] B3]. Precisely, a model of
synchronous motors for power grids can be written as a second-order nonuniform Kuramoto
model

N
m;0; + d;0; = ; + Z a;j sin(Gj — (91), mg,d; > 0,
j=1
where the coupling between oscillators is symmetric (i.e., a;; = a;;) according to its physical
background (see Subsection . This system is referred as the so-called “swing equations”
in engineering community. If %’ = %j for all 4 # j, the system is said to have homogeneous
dampings. The swing equations have been used in many references to study the dynamics
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of the power grids, for example, the paper [26] studies the coupled swing model with the
assumption of homogeneous dampings. The connections between first and second-order
models can be found by the topological conjugacy argument in [I1] or singular perturbation
approach in [12].

Motivations and problems.- The transient stability, in terms of power grids, is con-
cerned with the system’s ability to reach an acceptable synchronism after a major distur-
bance such as short circuit caused by lightning, large noises in power injections to network,
a cyber attack at some generators in the network, or abrupt changes in environment. Then
a fundamental problem, as pointed in the survey [35], is: whether the post-fault state (when
the disturbance is cleared) is located in the sync basin. Thus, a relevant issue is to estimate
the sync basin or find some criteria to determine that a given state is located in the basin.

In literature for transient stability, the approaches fall into two main categories: time-
domain simulation method and direct method. The former (see [10] for example) directly
adopts numerical integration to solve the state equations of power systems which requires
a large amount of calculations and is thus hardly realized for large-scale power systems.
Another problem with computational methods is that they usually do not give intuition
about the role of different parameters of the system in the sync basin of the model. Thus
they are not suitable for design problems in power networks. The latter, so-called direct
method [3], 4], has been a celebrated approach for the transient stability analysis of power
network with a few nodes. Another tool is based on the singular perturbation theory by
which the second-order dynamics can be approximated by the first-order dynamics when
the system is sufficiently strongly over-damped, i.e., the ratio d; /m; is sufficiently large [12].
In this literature the authors derived algebraic conditions that relate the synchronization
to the underlying network topology. Unfortunately there is no formula in [I2] to check
whether a system with given inertia and damping coefficients is so strongly over-damped
that the result can be applied. In recent literature [15], the authors pointed out that finding
sync basin is an important unsolved problem. In the survey paper [13], it was also pointed
out that the transient dynamics of second-order oscillator networks is a challenging open
problem.

As far as the authors know, the explicit estimate on the sync basin for second-order
nonuniform Kuramoto model is very rare. In [26], the authors considered a model with
nice connectivity and homogeneous dampings; more precisely, the underlying graph has a
diameter less than or equal to 2, and the ratios d; /m; for all i are equal. In [12], it is required
that the system is sufficiently over-damped and therefore the basin for second-order model
is approximated by that of the first-order model. In this paper, we will consider the swing
equations with general connectivity and dampings.

Contributions.- The main contribution of this paper is to estimate the sync basin for
lossless power grids in a general setting: (1) the underlying graph is only connected, while
completeness or denseness is not required; (2) the dampings can be homogeneous or in-
homogeneous and the over-damped property is not required. To the best of the authors’
knowledge, this is the first rigorous study on this problem for such a general setting. We use
a direct analysis on the dynamics of second-order nonuniform Kuramoto model and derive
an explicit formula to estimate the sync basin.

Among the rigorous analysis of Kuramoto oscillators, a typical method is to study the
dynamics of phase difference, for example, [0 [7, O, 11, 26]. However, this approach is
available only when the dampings are uniform or homogeneous and the underlying graph
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has a diameter less than or equal to 2. Thus, it fails for the current case. In this paper we
will use the gradient-like formulation and energy method. Departing from the (physical)
energy for the direct method in [3], 14} 35], we will construct a virtual energy functional which
enables us to derive the boundedness of the trajectory. Then we can use Lojasiewicz’s theory
to derive the convergence.

Organization of paper.- In Section 2, we present the models, main result and some
discussions. In Section 3, we give a proof to the main result. In Section 4 we present some
simulations. Finally, Section 5 is devoted to a conclusion.

Notation:
(-,-)— standard inner product in R,
| - | Euclidean norm in R,
d(G)— diameter of the graph G,
(°(RT,RY) = {f: Rt - RY | f is bounded}, RT := {t e R: ¢t > 0},
(Lo (RT,RY) = {f : RT — RV | f is differentiable, f, f € (*(RT,RY)}.

2. PRELIMINARIES AND MAIN RESULT

In this section, we present the model of power grids as a second-order Kuramoto-type
model and introduce its gradient-like flow formulation. A preliminary inequality and our
main result are also presented.

2.1. Models. A mathematical model for a lossless network-reduced power system [4} [15]
can be defined by the following swing equations:

N
(2.1)  mb; + dibly = P+ Y _ V| - V] - S(Yij) sin(6; — 6;), i=1,2,...,N, t>0.
j=1

Here 6; and 6; are the rotor angle and frequency of the i-th generator, respectively. The
parameters Pp,; > 0, |Vi| > 0, m; > 0, and d; > 0 are the effective power input, voltage
level, generator inertia constant, and damping coefficient of the i-th generator, respectively.
For Y = (Y;;) we denote the symmetric nodal admittance matrix, and 3(Y;;) represents
the susceptance of the transmission line between i and j. If the power network is subject to
energy loss due to the transfer conductance, then it should be depicted by a phase shift in
each coupling term [12]. We refer to [12, 15l B2] for more details or the derivation of
from physical principles. Let us denote ; = Py, ; and a;; = |Vi| - |V}| - 3(Yj;). Then the
system becomes a second-order nonuniform Kuramoto oscillators

N
(2.2) m;0; + d;0; = Q; + Z Qi Sin(ej —0;), with ;5 = jj.
j=1
Here, the coupling between oscillators is symmetric since Y is a symmetric matrix.

We acknowledge that the above model includes only generators, while a real power net-
work should contain both generators and loads. In power flow, loads can be modeled by
different ways, for example, a system of first-order Kuramoto oscillators [I5] or algebraic
equations. On the other side, the loads of the system can be modeled as constant impedance
loads, then one can use the Kron reduction to obtain the so-called “network-reduced” models
where the loads are now involved in the transfer admittance [I4] 37]. Thus, as a network-
reduced model, becomes an often studied mathematical model for power grids. On
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the other hand, the Kron reduction was studied in [I4] and some properties are given. As
an example, the New England power grid in [I4] has a complete underlying graph after
reduction. However, this is not always the case. For example, the Northern European
power grid in [28] does not meet the nice connectivity required in [12] 26] after the Kron
reduction; this can be seen by looking into the power flow chart in [28], Fig.4] together with
the topological properties of Kron reduction in [I4, Theorem III1.4]. Therefore, it is worthy
to consider the network-reduced model with general connectivity.
Next, we recall some definitions for complete synchronization of coupled oscillators.

Definition 2.1. (Synchronization and phase-locked states) Let 0(t) = (61(¢),...,0n(t)) be
an ensemble of phases of Kuramoto oscillators.

(1) The Kuramoto ensemble asymptotically exhibits complete frequency synchronization
if and only if
lim \wi(t) - w]'(t)| = 0, Vi 7& _]

t—o00

Here, w;(t) := 0;(t) is the frequency of i-th oscillator at time t.
(2) The Kuramoto ensemble asymptotically exhibits phase-locked state if and only if the
relative phase differences converge to some constant asymptotically:

T (6,(1) — 0;() =65, Vi#]

2.2. A macro-micro decomposition. We notice that the system ([2.2]) can be rewritten
as a system of first-order ODEs:
0, = w;, i=1,2,...,N, t>0,

N
. 1 .
wp = — —d;w; + Q; + Z Qsj Sln(Qj — 92')
m; =
We introduce micro-variables as follows:

N
. QZ ~
Qg = 2;71, 0; :=0; — Qt.
Zi:l di

Then we find 6; = 0;, 0; = 6; — Q, , and the system (2.2)) can be rewritten as
N

+ dzél = Ql + Zaij sin(éj - él) with Qz = Qz — diQS,
j=1

(2.3) mib;

~

where the “micro” natural frequencies §2; sum to zero:

N
ZQZ- =0.
=1

In particular, if Q;/d; = Q;/d; for all i,j = 1,2,..., N, then we have Q; = 0 for each
i and the equation (2.3 reduces to a system of coupled oscillators with identical natural
frequencies:

. . N
m;0; + d;0; = Z Q45 sin(ﬁj — 01)
j=1
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Note that the ensemble of micro-variables (él, e ,éN) is a phase shift of the original en-
semble (01, ...,0y), thus, they share asymptotic properties as long as we concern the syn-

chronization or phase-locking behavior. Moreover, the equations for #; and 0;, ie., (2.2)
and ([2.3), have the same form. Thus, we may consider ({2.3]) instead of (2.2) when we con-
cern the synchronization problem. These observations enable us to assume, without loss of

generality, the natural frequencies in (2.2)) satisfy

N
(2.4) d =0
=1

Remark 2.1. In [§], the second-order model with uniform coefficients was considered:

N
(2.5) m@l + 91 =Q; + Z a;j sin(Hj —6;).
j=1

By introducing averages and fluctuations

1 N B 1 N ~
Qe == Q, =Q;—-Q, 0.=— i, 0i=0; — 0.,
¥ N2
we can derive that
~ ~ ~ N ~ ~
mb; + 0; = Q; + Zam sin(0; — 6;),
j=1

Therefore, in [8] we can assume without loss of generality that Zf\;l 0; = 0. We notice
that this relation relies on the uniformity of the inertia and damping parameters, and plays
an important role in the estimate there. Unfortunately, in this paper we cannot assume
this relation for . This is a main difference between the uniform case and non-
uniform case , which means that the approach does not work for the present case. More
precisely, the energy function in [§], cannot work by simply replacing (m,d) by (m;,d;). In
this paper, we will construct a modified energy to overcome this difficulty.

2.3. An inequality on connected graphs. Consider a symmetric and connected net-
work, which is associated to a graph G = (V, W). We note that the underlying network of
power grids is undirected, i.e., the adjacency matrix A = {a;;} is symmetric. We say
a graph G is connected if for any pair of nodes i,j € V, there exists a shortest path from i
to 7, say

L =p1 — D2 —>p3—>"'—>pdij =7, (Pk,Pry1) €W, k=1,2,...,d;5 — 1.

In order for the complete synchronization of , we assume that the underlying graph
G is connected. The following result, which connects the total deviations and the partial
deviations along the edges in a connected graph, will be useful in the energy estimate. For
its proof, we refer to [§].
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Lemma 2.1. (Total and partial phase deviations) Suppose that the graph G = (V, W) is
connected and let 6; be the phase of the i-th oscillator. Then, for any ensemble of phases
(01,...,0n), we have

N N
Lo 10— 0:>< D 16— 6k < > 16— 6,

lk=1 (1k)EW 1,k=1

where the positive constant Ly is given by

1 .

Here W€ is the complement of edge set W in V x V and [W°€|, denotes its cardinality.

(2.6) L, :

Remark 2.2. (1) L, has a strictly positive lower bound as
1
L,>—«+«——.
~ 14 d(G)N?
(2) If G is a complete graph, then obviously we have L, = 1.

2.4. Main result. Based on Subsections and the network-reduced model ({2.2) for
power grids can be transformed to (2.2)) together with the restriction (2.4), i.e.,

N

mzel + d,@l =Q; + Z Qi Sin(ej —6;),
j=1

(2.7) N

> =0, a; = ay;,

with initial data
0(0) = 6o = (610,-..,0n0), w(0)=wo = (w10,.--,wWN0)-

We denote 0 := (01,...,0n), w:= (wi,...,wn), and Q := (Q1,...,Qn).
Before we introduce the main result, for readability we list some important notation used
here or hereafter in the following table.

name notation name notation
1 X N
average phase 0. = N Z 0; weighted sum 0, = Z d;0;
i=1 of phases i=1
1 X N
average frequency we = Zwi weighted sum Ws = Z miw;
i=1 of frequencies i=1
dy = maxi<i<n d; My = MaX1<i<N My
extremal damping de = minj<;<n d; extremal inertia me = minj<;<n My
N N
. 5 1 . . 1
ﬁuctu'atlon of d; :=d; — ~ Z d; 'ﬂuCtl'lathIl of mi 1= m; — ~ Z m;
damping i=1 inertia i=1
extremal coupling ay = max{a;; : (5,1) € W}
strength ae = min {a;; : (j,i) € W} - -

Next, we introduce our main hypotheses on the parameters and initial configurations
below.

(H1) The underlying graph G is connected.
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(H2) Let Do € (0,7) be given. The parameters satisfy
(2.8) 2Roag L N > A,
where L, is given in Lemma and

(2.9) Ry:= S0Py \/
Dy

(D2?) 2\/157“ M?)
= NI
with D = diag(cfl,czg, . ,CZN), M = diag(my, ma, . .. ,mN), and tr(-) denoting the
trace of a matrix.
(H3) For some ¢, 1 > 0 with

€ dy 2¢/207 max{e, u}|| Q|

1
D07

2.10 - d < =
(2.10) 0 S 2me e n C:Co 2
the initial data satisfy
El0o,wo] 1
2.11 —— < 5Dy,
(211) vl < oy
where
1—cosDy 22
Cp := min w,&“d@ +2uNayL, COZS 0 _ 2 My ,
2 Dg 0
3 2e2my,d
Cy = max{ Pt g, 4 22 Mulu MNau} ,
2 pdy
Cy = min {2ud; — 2emy,, 2 RoagL N} — e,
and
N N
El0o, wo) :=¢ Z di(0i0 — 0c0)? + 2¢ Z m;(0i0 — Oc0)wio
(2.12)
+ “Z miws, + Z agj (1 — cos(fio — o))
,j=1
with

1 N
= — G-
N; 70

The main result of this paper is as follows.
Theorem 2.1. (Main theorem for synchronization) Suppose that the hypotheses (H1)-(H3)
hold and let O(t) be the global solution to system (2.7). Then we have:
(1) 160i(t) — 0;(t)| < Do foralli,j=1,2,...,N and for allt > 0, where Dy € (0,7) is the
constant assigned in (H2).
(ii) O(t) asymptotically exhibits complete frequency synchronization, more precisely,

lim 6;(t) = 0, i=1,2,...,N.
t—o00

(i1i) 0(t) asymptotically exhibits phase-locked state.
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Remark 2.3. (1) The connectedness of the underlying graph is indeed necessary for syn-
chronization. Otherwise, the oscillators from different components, in general, cannot
be expected to synchronize.

(2) The positivity of E[0,w] will be proved in Lemma .

2.5. Discussion and Comparison. We first explain about the accessibility of the hy-
potheses (H1)-(H3). The connectivity of G, i.e., (H1), guarantees the positivity of the
constant L,. The hypothesis (H2) can hold true when the variances of inertia and damp-

ing are small. Furthermore, the hypothesis (H2) together with the condition % < chff Y

guarantees that Cy > 0 and Cy > 0. Finally, the second condition in can be fulfilled
when the size of (micro) natural frequencies ||2]| are small. In view of the macro-micro
decomposition in Subsection [2.2] the smallness of ||Q|| means that the ratios P, ;/d; for all
1 are similar.

Compared to [12), [26], the advantage of our main result lies in at least two aspects. First,
we study the power grid systems with general damping and inertia coefficients. However,
the highly over-damped property is required in [I2], and the analysis in [26] is strictly
limited to the case of homogeneous dampings. Second, we are dealing with the system with
most general network topology since the hypothesis (H1) is necessary for synchronization.
In contrast, a crucial condition in [26] is that the underlying graph should have a diameter
less than or equal to 2.

In [8], the authors considered the synchronization of second-order model with uniform
inertia and damping (see in Remark . Obviously, the current system (or
equivalently, (2.7])) covers the above model as a special case. If we apply Theorem
for , we find A = 0 since d; = 1 and m; = m for all i € {1,2,...,N}. Hence, the
assumption (H2) must hold true ; in this sense, Theorem clearly improves the result in
[8, Theorem 3.4].

Let us turn to our result. First, we would like to mention that Theorem gives an
estimate for the sync basin of , through an ezplicit formula. Supposing we are given a
transient state of a power system in terms of transient phase differences and frequencies, it
could be a hard problem to quickly determine whether this state is located in the sync basin,
in particular when we are working with a large network. Nevertheless, by Theorem we
can predicate that the transient state is going to synchronize if it meets the framework
in (H1)-(H3). Let us assume that the parameters m;,d;,§); and a;; are given, and the
coefficients Dy, € and p are suitably pre-assigned. By Theorem if the transient state is
located in the set

gb,w] 1
C() < §D0 ;

(2.13) (6,w) :

then the system will be synchronized. Although the set looks complicated, it is still easy to
operate since it can be fast-speed tested by carrying out simple operations with a computer.

Second, we could observe some interesting points from the statement of Theorem [2.1
We notice that the parametric condition (H2) becomes more flexible when we increase the
constant L, and/or decrease the constant A. Recalling we see that if one decreases
the diameter of the graph or increase the number of arcs, then the value of L, becomes
larger and the parametric condition is relaxed. On the other hand, by , decreasing the
variances of d; and m; also helps to relax this condition.
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On the other hand, we acknowledge that our rigorous estimate is conservative, in partic-
ular for graphs with small g—i Let G be a connected graph which satisfies the hypothesis
(H2). If we put a redundant edge with a small weight, we realize that the condition (H2)
and the initial condition may become harder to satisfy. Actually, it will break finally
as the weight of the redundant edge decreases to some small enough value. Therefore, our
estimate is sensitive to the network “structure” in the sense that some connection is removed
or added. In despite if this point, our estimate is continuously dependent on the network
“strength” when the network structure is fixed. Another point is that the condition (H2)
depends on the number of oscillators N. If we increase N, the condition (H2) becomes
easier to satisfy, and smaller a; can be allowed.

3. PROOF OF MAIN RESULT: CONVERGENCE TO PHASE-LOCKED STATES

In this section, we give the proof of the main result, Theorem [2.1] Our main strategy can
be summarized as follows. First, we present a gradient formulation of the system and
introduce some related estimates (see Subsection ; they tell that the boundedness of
0(t) implies the emergence of phase-locking. Second, in order to prove the boundedness of
(1), we construct a virtual energy functional and present several properties (see Subsection
. Departing from [8, 19], our energy functional £ (t) involves the fluctuation of phases
around their average 6.(t). Finally, we combine the above estimates to prove Theorem

(see Subsection [3.3).

3.1. A gradient-like flow formulation. In this part we present a formulation of system
as a second-order gradient-like flow if the adjacency matrix A = (a;;) is symmetric.
For the classic Kuramoto model, the potential for the gradient flow was first introduced in
[34], which can be extended to the Kuramoto model with symmetric interactions.

Let M := diag{mi,...,mn} and D := diag{di,...,dy}. The following result was
presented in [8]; we sketch the proof here for reader’s convenience.

Lemma 3.1. The system ([2.2)) is a second-order gradient-like system with a real analytical
potential f, i.e.,
(3.1) MO + D = V£(6),

if and only if the adjacency matriz A = (ai;) is symmetric.

Proof. (i) Suppose that the matrix A is symmetric, i.e., a;; = a;j;. We define f : RY 5 Roas

N N
1
(3.2) f(ﬁ) = kg_l Q0 + 3 kgl_l agl COS(ek — (91)

It is clearly analytic in 0, and system ({2.2)) is a second-order gradient-like system (3.1]) with
the potential f defined in (3.2]).
(ii) We now assume that the system ([2.2)) is a gradient system with an analytic potential

f, ie.,

01(6) ZN . .
a9, =Q; + ' aijsm(ﬁj—Hi), i=1,2,...,N.
J=1
2 2
Then the potential f must satisfy 83 50 = 828{0 for I # k. This concludes ajy = ag for
k00 100

all Lke{1,2,...,N}. O
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We next present a convergence result for the second-order gradient-like system on R :
(3.3) MO+ DO=VFO), R, t>0.
Note that the set of equilibria S coincides with the set of critical points of the potential f:
S:={9cRY: Vf(6) =0}

Based on the celebrated theory of Lojasiewicz [27], a convergence result of the gradient-like
system with uniform inertia was established in [20]; as a slight extension the following result
was given in [26].

Lemma 3.2. [26] Assume that f is analytic and let b = 0(t) be a global solution of ({3.3)).
If 0(-) € (5°(RT,RY), d.e., 0(-) € £°(RT,RN) and 0(-) € £°(RT,RY), then there erists
an equilibrium 0. € S such that

tim_{)6(6)] + 16() — 6. } = 0.

t——+oo

Remark 3.1. By Lemma if we can prove the boundedness of position (or phase) and
velocity (or frequency) for the solution of (3.3), then we immediately obtain their conver-
gences.

Before we proceed, we first clarify that the Kuramoto oscillators are treated, in this
paper, as a dynamic system on the whole space RY. Indeed, one can consider it as a system
on the N-torus S! x --- x S! since the coupling function sin(-) is 27-periodic. However, in
order to apply the Lojasiewicz’s theory, we should treat as a system on RY. For more
details on Lojasiewicz’s theory and applications, please refer to [8, 20} 25] 26].

By Lemma the system is a special case of general second-order gradient-like
systems. This enables us to obtain a priori result for convergence of system by using
Lemma However, when we consider for general natural frequencies with sz\; 18 #
0, we cannot expect () € £>°(R*,RY), since the right hand side of sums to Zf\il Q; #
0. This is why we need to apply the macro-micro decomposition and introduce the micro-
variables in Section which allows us to assume without loss of any generality that
Zij\il Q; = 0. In the following context, we will work with system .

Lemma 3.3. (Boundedness implies convergence) Let @ = 0(t) be a solution to (2.7)) in
(°(RT,RY). Then there exists an equilibrium 6> such that

Jim {6(2) | + 16(8) — 01} = 0.

Proof. By Lemma the system (2.7 is a gradient like system (3.3). By Lemma to
show the desired result it suffices to show that

() € 1°(R*,RM).
Next we verify this relation.
It follows from ([2.7)) that w; satisfies
N N
miw; + dw; = Q; + Z Qjj sin(Hj — 91) < |Ql| + Z Qjj-
j=1 j=1
Note that w; is an analytic function of ¢. This implies that the zero-set {t : w;(t) = 0} is
countable and finite in any finite time-interval, i.e., |w;(t)| is piecewise differentiable and
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continuous. We multiply the above relation by sgn(w;) and divide it by m; > 0 to get

d‘”l‘
dt

1
7\ wil < — |Q\+Z% , ae t>0.
m; j=1

We now use Gronwall inequality and continuity of |w;| to obtain that for all ¢ > 0,

N
1 _diy 1
s(®)] < fa(O)fe "+ - 0+ 0 (1= <la@l+ g 190+ Y e
Jj=1 v j=1

]

By Lemma to prove the emergence of phase-locking for (2.7)), it suffices to show
0(-) € £>°(R*,RY). In the following subsection we will construct an energy functional and
present some estimates, which lead to the boundedness of phase.

3.2. Construction of the energy functional . The proof of boundedness of phase along
the trajectory will rely on a virtual energy and its estimate. This method was employed
n [8] to study the second-order model with uniform parameters, i.e., (2.5). In [19] this
approach was also used to study the practical synchronization of second-order oscillators
with heterogeneous dynamics and uniform parameters.

Inspired by the approach in [8, 19] we first consider a temporal energy functional &:

Ef,w Z—SZd 92+252m1 Zler,uZmlw +MZ aij (1 —cos(0; — 0;)),

,7=1
&1 [9,(.0] Eo [9]

(3.4)

where € and p are positive constants. In order for the boundedness of phase for (2.7)), we
need to derive some basic properties for £[¢,w] and some estimates on the evolution of

&[0, w] along the flow (2.7)).

First we can find the equivalence between &[0, w] and [|0||? + ||w||*.
Lemma 3.4. Let € and p be constants with % < %. Then we have the following relation:
Co(llol* + [lw]?) < &[6,w] < C1(l10) + wl®), V8,0 € RY,

where Cy and C are positive constants (independent of (0,w)) given by

~ 2¢? ~ 3 2e2my,d
Coy:= min{'ume,sdg _ mu} and C}:= max{ 'umu,sdu + 5muu}
2 n 2 udy

Proof. In (3.4)), the cross term 6;w; can be estimated by Young’s inequality:

€p2 , K 2

Then, we have

= i} 4 LR

2
2em;|0;w;| < 2E—mi9i2 + 2 <2
1

Therefore,

N m; 2e2m N
i 92 U 2
p ;1 o Wi T <5d4 T > ;1 0; <&

2e2mudy, \ o

pee i=1
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This gives the desired result. O

For the term &[], we cannot expect the equivalence relation between &[6] and [|6]|2.
Instead, we have the following lemma.

Lemma 3.5. Let Dy € (0,7) and suppose that

0, —0.| < Dy.
15{%le il < Do

Then we have the following relation:

Coll6 — 0.)1* < &[0] < uNayl| — 6.2,

where Cy = QMNagL*% and 0 — 0. is understood as the vector 0 — 0. := (61,...,0n) —
(Ocy...,0.).
Proof. Since 0; — 6; € [—Dy, Do|, we have

1 —cosDy

(3.5) 16: — 0,2 < 1 — cos(6; — 0,) < %\ei g,

Dj

Here, the left inequality relies on the fact that z — 1=S¥Z jis an even function which is

monotonically decreasing on (0, 7). We then use (3.5 to estimate E[0] as follows:

N N
Qy,
Eal0] < 1Y au(l = cos(t — 0;)) < 54 7 16— 65> = uNa |16 — 6|,
i,j=1 i,j=1

1 —cos Dy
&Eb] > Z ag(l —cos(0; —6;)) > a5 Z 10; — 0>

(i) EW 0 (igew
N
1—cosD 1—cosD
Z uagL*?O Z ‘91 — 9j|2 = Q/LNagL*TOHH — HCHQ.
0 i,j=1 0
Here we used the relation
N
(3.6) > 16— 057 = 2N 6 — 6.|*.
ij=1

O

Next we turn to consider the evolution of £[f,w] along the flow (2.7). The following
lemma will be useful.

Lemma 3.6. Let Dy € (0,7) and suppose that the phase configuration {0;}Y | satisfies

0, — 0. < Do.
 Jnax 10 =01 < Do

Then we have
Z aijsin(0; — 0;)(0; — 0;) > 2Roas LN ||0 — 6|,
(i,7)eEW

where Rg is given by Rg := %.
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Proof. 1t follows from the assumption

max |0; —0;| < Dy <,
1<i,j<N

and the simple relation
rsinz > Roz® for z € [~Dy, Dy,

that

Z Qij Sin(ej - 92-)(9]- —0;) > Ro Z aij‘ej — 91-’2
(4,5)EW (3,7)EW
> RoaeLe Y |05 — 0;* = 2RoasL.N || — 6|,
1<i,j<N

Here we used the relation (3.6)), and L, is the positive constant defined in Lemma ]

Now we derive a differential inequality for £[f,w] along the flow (2.7). We recall that the
system ([2.7)) can be rewritten as

éi = Wi,
1 SN
(3.7) w; = E —diwi + Qi + ]z; Aij Sln(gj — 92) y
N
Z Qz = 0, CLij = aji.
=1

For notational simplicity, let’s denote
E(t) := E10(t), w(t)],

where (0(t),w(t)) is a solution to the system (2.7)) or (3.7).

Proposition 3.1. Let Dy € (0,7) and {0;}Y., be any smooth solution to the system (2.7).
Suppose that for some Ty > 0,

0;(t) — 0;(t)| < Dy.
e | max [0:() = 6;(0)] < Do

Then, for any e, u > 0 with i < %, we have

(3-8) %5@) +CyD(t) < 2max{e, Q) (10 = Ocll + lw]]),  for t € [0, To],

where D(t) := D[O(t),w(t)] and Cy are defined by
D[O,w] == |[w||®* + |0 — 0> and Cp:= min {2ud, — 2em.,, 26 RoagL N} .

Proof. The proof is divided into three steps.
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e Step A.- We multiply 2w; on both sides of the second equation in (3.7)),, sum it over ¢,
and then use the symmetry of a;; to obtain

d N N N N
% Z miwg = -2 Z dzwf +2 Z Qiw; + 2 Z a;j sin(ej — GZ)wZ
=1 =1 =1

,j=1

N N N
=-2 Z dzwf + 2 Z Qw; — Z Qij sin(Hj — Gi)(wj — wi).
=1 i=1

1,j=1

On the other hand,

N
d .
%52[9] =M Z az-j sm(&i — Gj)(wz- — wj).
ij=1
So we have
d N N N N
@ 2 —_ 2 < 2 ,
g (u;mlwl +52[9]> ZM;dzwl + QM;QM, < ZM;dzwl + 2p)|Q| |
This yields
d
(3.9) 7 (MMw,w) + &[0]) < —2pdg|lw]|* + 24| Q||
e Step B.- We now multiply 26; on both sides of (3.7)), to obtain
dw; d al
¢ — 92 0. g . 0.\0:
om; <dt) 0 = —di— 67 +200; + 2> " ai;sin(0; — 6;)0;.

j=1
Summing the above equality over 7 and using the symmetry of a;; and Lemma we find
(3.10)

A dn .

i=1 (Jo)ew
d N N
= _ﬁ Z dlef + 2 Z 0,;0; — Z Qij sin(Gj — 01)(9J — 01)
i=1 i=1 (j,i)EW
d N N
= _ﬁ Z dlef + 2 Z QZ(OZ — 06) — Z Qjj sin(Hj — 91)(9] — 91)
i=1 i=1 (ji)eW

N
d 9 )

<—— 07+ 2]|Q — 0| — 2RpasL N |6 — 6.]“,
dt ;d 0; 12]][16 — 6] 00y 0 — 0]

where we used the restriction that

N
> Q=0
i=1
On the other hand, the term in the left hand side of relation can be rewritten as
dwi d 2
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Combining ((3.10]) and -7 we obtain

a <2Zmzw@e +Zd 02) +2Roa L N[0 — 0.[* < 2[|9/[|6 — 6| +2Zmz
i=1 i=1

Finally, we use the fact
N
Y miw? < mylwl?,
i=1

to conclude

312) ¢

- ((D0,0) +2(M0,w)) + 2Roac LN |16 - 0c)® < 2|10 — O] + 2my ||w]|*.

e Step C.- Taking (3.9) + ex (3.12) yields

S £(0) + 2(pdy — 2my)w]]? + 2Roar LN 0 — 0c]” < 2max{z, i} 2010 — 0l + o] ).
Then

%5@) +0D() < 2max{e,u} [ (110 — 0. + o]}, for ¢ € [0.75]
This is the desired inequality and the proof is completed. [l

As in [§], in order to show the boundedness of phases we expect a differential inequality
for the energy in the following form

SEW +HiEW) < VED,

where 81 and By are positive constants. In the case of uniform inertia and damping, without
loss of generality we can assume 0,(t) = 0 for all t > 0 (see [8, Subsection 2.1] or Remark[2.1]).
Thus a desired differential inequality immediately follows from (3.8) by invoking Lemmas
and with 6.(t) = 0. However, as we mentioned in Remark for (2.7) we cannot
assume 0.(t) = 0 due to the nonuniform parameters. This means that the functional £[6, w]
may not be bounded from above by D[f, w]. Therefore, £[f,w] and D[f, w] are not equivalent
and the relation does not produce a desired differential inequality for £[f, w]. In order

to obtain the desired property, we introduce a modified energy functional £ as follows:

N N
g[@,w] ::eZdi(Gi—00)2+2EZmi( i wl—l—uZmlw +u Z a;j (1 —cos(0; — 65)) .
i=1 i=1

1,j=1
v ~"~

&1[0,w] E2(0)

Next we derive the relation between & and & , and the relation between € and D.

Lemma 3.7. (Properties of £)
(i) The functionals € and & have the following relation:

(3.13) £ =E— 20,0, +ctr(D)0? — 2w, .
(i) The functional g[@,w] is positive, and it is equivalent with D[, w]:
(3.14) CoD[f,w] < E[0,w] < C1D[A,w], VO,we RV,

where Cy and Cy are given as in (H3).
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Proof. (i) The relation between € and £ immediately follows from the definition of :

N N N
E=E—-2) dififc+ed il —2> miwibe
i=1 i=1 i=1
=& — 26040, + etr(D)0? — 2w, .
(ii) Replacing the term 6 by 6 — 6. in the proof of Lemma yields

pmy £2my,

2

e u 22 udu
ol (e = 25 ) 0601 < B0, < 25 ol (s 2 ) o,

pdy
We combine this relation with Lemma 3.5 to find the desired inequalities. The positivity of

&[0, w] immediately follows from the positivity of D[f,w]. O

We now consider the evolution of the modified energy functional along ([2.7) and denote

E(t):=E&[0(t),w(t)].
The following lemma will be useful.
Lemma 3.8. (Conservation property) The weighted sums of phases and frequencies satisfy
(3.15) 05 + ws = 0.
Proof. This immediately follows from . Here we used the restriction Z@]\L 1 =0. 0O

Proposition 3.2. (Estimate for modified energy) Let Do € (0,7) and {0;}}X., be any smooth
solution to the system (2.7)). Suppose that

tr(D?)  24/tr(M?)
VN TTUN

2Roa¢L N > X with X =

and

1 e <D
310 e max [0,0)0,(0] < D

for some Ty > 0. Then, for any €, > 0 with i < deﬁ, we have

d 2v2max{e, w2l [z -

.1 —&(t D(t) < t t T
(3 7) dtg( )+C€ ( ) = \/070 5( )7 fOT € [Oa O]a
where Cy is a positive constant given by Cy := Cy — eX. Moreover, we have

d ~ Cr 2v2max{e, u}||Ql /=

. — — < .

(3.18) dté’(t) + Clg(t) < JCo E(t), fortel0,Tp

Proof. Tt follows from Proposition and (3.13) in Lemma that & satisfies
d ~ _
ﬁg(t) + CyD(t) < — (etr(D)02 — 22050, — 2ew,b..) + 2max{e, u}|Q (/|0 — b + [[w]]) -

J/ Vv

J

Sl

I
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Using (3.15]), we rewrite I as
I =2etr(D)0.0, — 20,0, — 260,40, — 2e640, — 2ew b,
= 2etr(D)0,6, — 26040, — 2ew50, ( Oy + s = 0)

N N
= —2690 Z dl(ﬁl — 90) — 25%90 ( 93 = Z dl(gl — 95) + t’I"(D)QC>

i=1 =1

—25wCZd — 26WsWe ( = sz> .

Note that
N N

D di(0i —0.) =D di(6i —0.) and w, = Zmlwz—i-tr

i=1 =1

This yields

N N
I = —2¢ew, Z CZZ(HZ —0.) —2¢ (Z mw; + tr(M)wc> We
i=1

i=1

N N
< —2ew, Z afl(ﬁZ —0.) — 2ew, Z miw;.
i=1 i=1

On the other hand, we find

2ew, Z d;( ) + 2w, Z miw;

=1

2¢e N A 2¢e N R N
- @) (a-00)+ 3 (o) (£

2¢e - 2e v
< VRl tr (D)8 — 6] + 2o\ (BTl VR o]
2

e B g, 2e\/tr(M?) )
N [N e e

\/tr(D2) \/tr(D?) 2e\/tr(M?2)

<e (mﬂ + WIIH - 062) + " |w]?
VD2 2\/tr(i2)

<e ( N + ) Dib, w).

VN

=

Thus, we have

~

tr(D?)  24/tr(M?) ,
I<e N + N DIb, w).
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For the estimate of J, we obtain
J = 2max{e, u} || (|0 — Oc|| + [|w]])
< 2v2max{e, u}[|Q[v/]|0 — bc||? + ||w|?

2v/Zmax{e, i} [z

where we used the elementary relation a+b < v/2v/a2 + b2 for a,b > 0 and (3.14) in Lemma
We now combine the above estimates for I and J to see that, for ¢ € [0, Tp],

%E’(t) +(Cr—eN) D(t) < 2\@ma\>;{c% I VE®).

This is the desired inequality (3.17). Finally, the last inequality (3.18) immediately follows
from (3.14)) and (3.17]). O

Now we are able to prove the main result of this paper.

3.3. Proof of Theorem For the sake of notational simplicity, we set

Define

T = {T eRy1y(t) < \/2070D0, Vit e [O,T)}, T :=supT.

Note that by the assumption (2.11)),

o) < Vo0

Due to the continuity of y, there exists a positive constant 7' > 0 such that T € 7. We now
claim that

Do.

(3.19) T* = c0.

Suppose the opposite, i.e., T* is finite. Then, we should have
. VC

(3.20) y(T*) = ?ODO.

Note that on the interval [0,7*), we can derive that
N
. — 0. 2 < . _ 2 < X o 2
ma 040) = (0 <4 max 0,0~ 0.0 <43 1046) — (1)

1<i,j<N
. 4 (VT -\,
<4Dit) < —Et) < — (Ypy) =D
(M < g et < g < 5 0) 0

which means that the condition (3.16) is fulfilled, and Proposition can be applied for
[0,7%]. By (3.18) we have

dy _ v2max{e, p}|Qf  Cy
L= - Y,
dt VCo 2C1

(3.21)

for ¢ e [0,T%].
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Solving the above differential inequality (3.21]) yields

C C
o(0) < 0y ot 4 DECBSEINEL (i) por ey
£ 0

Thus we get
DOa

J(T*) < max {y@), 2ﬁ012ax\/%u}llﬁ\l} B \/20*0

where we used the assumptions (2.10) and (2.11). This contradicts (3.20) and the claim
(3.19) is proved, i.e.,

Et) < ZDg, Vit>0.

This implies that
4 ~
. (1) — 0,1 < < — 2 >
(3.22) Jmax (6,0 - 6,0 <4D(®) < 5 EW) < Df, Ve
and the desired result (i) in Theorem is obtained. On the other hand, we recall the
relation (3.15)) to get
ws(t) + 05(t) = ws(0) + 65(0), Vit>0.
This means that
105 ()] < fws(£) 4+ 05(8)] + lws ()] = [ws(0) + 05(0)] + |ws(£)],  VE=>0.
We now use the fact that w(-) € £°(R*,RY) in Lemma [3.3| to deduce
(3.23) |0s(t)| < Ko, Vt>0,

for some positive constant K. Combining the relations (3.22)) and (3.23|), we see that the
trajectory 60(-) is bounded as a function in time ¢. We now apply Lemma to obtain the
desired results (ii) and (iii) in Theorem This completes the proof.

Remark 3.2. If, in addition, Dy < 7/2, then the emergent phase-locked state must be
confined in an arc with length less than 7 /2. Thus, the result in [26, Theorem 3.1] holds.
Furthermore, by appealing to the approach in [26] (see the Step 2 in the proof of Theorem
2.1), we can derive that the convergence to the phase-locked states is exponentially fast.

4. NUMERICAL SIMULATIONS

In this section, we present some simulation for three oscillators to visualize the region of
attraction. As we see in Theorem the estimated region depends on the choice of
parameters such as Dy and (g, ). Note that the constant Dy is actually an upper bound
of phase differences for the system (see ), while the pair (e, u) produces the energy
functional. In general, it is not analytically possible to find the optimal choice of the pair
(e, ) which leads to a best estimate of the region. In this section, we will make some
simulations for a special setting and illustrate how Dy and (e, ) influence the estimated
region . The numerical method is a classical fourth order Runge-Kutta one using the
built-in ode/5 Matlab command.

We will consider a model of three oscillators given by

N
mlGZ + dlel =Q; + Z a;j sin(ej - (91), 1 =1,2,3.
j=1
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-05

Ko

(a)

05

05

0

-05

-05

0
xT

(b)

05

05

-05

-05 0 05 1

xT

(c)

FiGurE 1. The region of attraction for special choices of Dy = 0.5 and

admissible (g, u) with (a): s =1 (b): E= L, (o) £ = 5.

To reduce the dimension of variables, we assume that the initial frequencies are determined
by initial phases in the following way:

N
(4.1) diwi(0) = Q; + Y _ a;sin(0;(0) — 6:(0)).
j=1

We set the inertias m;’s and non-homogeneous dampings d;’s by using random data which
are uniformly distributed with

d
% S
2My + A
and set the symmetric coupling as a;; = 0.1 for any (i, j) € YW and a;; = 0 otherwise. We

consider a network on a line-shaped graph (that is, 1 <> 2 <> 3).
In order to show the region of attraction in a plane, we introduce the following variables:

m; € (0.10,0.15), d; € (0.30,0.40), 1,

x=101 -0, y=~0y— 03,

then z +y = 6; — 03 and

_2z+y

T+
01— 0. = 3 62 Y

— - — 2y
—HC: s 9_962 .
3 3

3

Therefore, the initial frequencies in (4.1) and initial energy in (2.12)) are fully determined
by x and y. We will plot the region (z,y) in the plane to illustrate the region of attraction.

4.1. Varying (e, u). In this part, we illustrate the region of attraction for varying (e, ) by
fixing range of phases as Dy = 0.57. For given parameters m;,d; and a;;, we can compute
the parameters R, A and check (2.8). For simplicity in the simulation, let us consider the

following situations:

1 1
g =W, or &€= —-u, or &= —U,
K 5I~L g,u
which allows us to reduce the two-parameter (e, ) to one-parameter . The regions of

attraction, registered by the gray color, are shown in Figure 1.

4.2. Varying Dj. In Figure 2 and Figure 3, we illustrate the estimated region for different
choices of Dy, namely, Dy = 0.37 and Dy = 0.77. We use the same parameters and (g, u)
as in Figure 1 for a reasonable comparison. Figures 1-3 indicate that the larger choice of
Dy produces a larger region.
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05 05 05

v e v @ @

-05 -05 -05

05 1 -1 -05 05 1 T -05 0 05 1

0
xT xT
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F1GURE 2. The region of attraction for special choices of Dy = 0.37 and

admissible (g, u) with (a): s =1 (b): E= (0 =4

“uT o

05 05 05

-05 -05 -05

05 1 E 05 05 1 E 05 0 05 1

0
xT xT

(a) (b) (©)

0
xT

FI1GURE 3. The region of attraction for special choices of Dy = 0.77 and

admissible (¢, p1) with (a): £ =1, (b): == L, (c): £ = L

5. CONCLUSION

In this paper, we studied the synchronization of second-order nonuniform Kuramoto
oscillators (swing equations) for power grids on connected networks with general dampings.
We employed the energy method and gradient-like flow approach to obtain a sufficient
condition for the synchronization, which gives an explicit estimate for sync basin. In view
of the potential application in engineering, the quantitative improvement of the estimate,
including the parametric condition and the basin, would be an interesting future problem.
The heterogeneity of the parameters and/or general connectivity mean that the method of
studying the phase difference cannot work well, while our estimate gives a way to overcome
these difficulties.
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