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Abstract—Complex networks are everywhere around us and
have attracted a lot of attentions. There have been many studies
focusing on network topology, inter-node, and so on. In these
studies, the network topologies have been fixed. Then, in this
study, we investigate synchronization phenomena between nodes
when the network topology is changed. As a result, they were
confirmed that the synchronization phenomena change depending
on the coupling strength.

I. INTRODUCTION

Complex networks are around us and have attracted atten-
tion. They have properties such as scale-free, small-world, and
clustered, and can be reproduced using nodes and edges. The
Internet and transportation networks are familiar examples.
Therefore, researches are conducted in various fields such as
engineering, biology, economics, and so on [1]-[3]. Especially
in engineering, investigations of synchronization between cir-
cuits have been conducted in recent years. Focusing on the
topological structure of networks, research has been conducted
on the phenomena of synchronization in different structures
[4], [5]. However, the structure of real networks is rarely
constant. Therefore, we construct networks using van der Pol
oscillators and studied synchronization phenomena between
nodes when the network topology is changed.

In this study, we constructed networks using 20 van der Pol
oscillators. The network topologies are changed by removing
edges that satisfy the threshold value (in this study, 100 %
synchronization rate) and adding edges equal to the number
of edges that are removed. Then we investigate how the
synchronization rate between nodes changed. The results show
that the synchronization rate between nodes tends to be higher
or lower depending on the strength of the coupling.

II. SYSTEM MODEL
A. Network Model

In this study, the Erd6s Rényi model (ER model) is used to
reproduce complex networks [6]. The model figure is shown in
Fig. 1. The number of nodes is 20, and the coupling probability
p is set to the average degree of 10. This model is one of a
random network, and the cluster coefficients are small. It also
has the property that the difference of the number of edges
gathered at each node is small.
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Fig. 1: ER model.

B. Circuit Model

In this study, the van der Pol oscillator is used to conduct
simulations. The circuit is shown in Fig. 2. This circuit is
simple, consisting only of an inductor, a capacitor, and a
negative resistor. The network is constructed by connecting
the circuits using resistors.
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Fig. 2: van der Pol oscillator.

The circuit equation of this circuit is shown in Eq. (1).
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The equation of the nonlinear element is shown in Eq. (2).
ig = —g1v + g3v°. )

Equation (1) is normalized using the following equations.
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The normalized equation is given in Eq. (3)

k=1

dx =
dTn:a{axn(l—xi)—yn—zEnkV(xn_xk) }
(3)

(n=1, 2, -, 20).

« is the micro error of each capacitor and F is the adjacency
matrix of the network.

III. SIMULATION RESULTS
A. Definition of synchronization

In this study, the average synchronization rate is calculated
from the synchronization rate when the voltage difference
becomes steady state. The threshold value is set to Eq. (4).
When the voltage difference is within this range, the state is
the synchronized state, and when it is outside this range, the
state is considered to be the unsynchronized state. n,k is the
number of circuits.

|z — x| < 0.01. “)

B. Average Synchronization Rate

We investigate the change of synchronization rate between
the circuits when the coupling strength is changed. The
changes of the average synchronization rate when the coupling
strength is changed in the range of v = 0.1 - v = 0.2 by v =
0.02 are shown in Fig. 3. These average synchronization rates
are the average of five times.
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(a) v=0.1.
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(b) =0.12.
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(c) v=0.14.
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(e) v=0.18.
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(f) v=0.2.

3: Average Synchronization Rates



It can be seen that when all the synchronization rates are
below v = 0.12, the average synchronization rate tends to be
lower. When the average synchronization rate is higher than

= (.14, the average synchronization rate tends to be higher.
The synchronization rate tends to be higher when the coupling
strength is stronger.

The number of edges per synchronization rate of the graph
is closest to it out of the five averages. Figure 4 shows when
= 0.1, when the synchronization rate tends to decrease, Fig. 5
shows when + = 0.14, when it changes to increase, and Fig. 6
shows when ~ = 0.18, when it tends to increase.
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Fig. 4: Number of edges (y=0.1).
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Fig. 5: Number of edges (7=0.14).
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Fig. 6: Number of edges (y=0.2).

It can be seen that the 90 - 100 % ratio tends to decrease.
It also shows that the peaks tend to shift to higher synchro-
nization rates.
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IV. CONCLUSIONS

In this study, we investigated how the average synchroni-
sation rate changes by changing the network topology. It was
found that the average synchronisation rate changes between
v = 0.12 and v = 0.14, where the average synchronisation
rate becomes higher or lower. In addition, the synchronisation
rate continues to decrease as the edges are continuously cut.
Therefore, it is considered that the effect of the coupling
strength when adding edges determines the change in the
average synchronisation rate. In the future, we would like to
investigate the effect of changes to the average synchronisation
rate in more detail by increasing the number of trials. We
would also like to conduct simulations that are closer to reality
by extending the network.
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