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Abstract characteristics. Frequencies of the in-phase synchronization,
In this study, theoretical synchronization frequencies are céle anti-phase synchronization and the in-and-anti-phase syn-
culated by using electric powers on coupled oscillator systeghronization are needed for analyzing mechanisms of the
This method is easily applied for complex and large systegftaracteristics. There are a method of using averaging as one
when stable synchronization states are clarified. The caléfimethod which the frequencies of the synchronization states
lated theoretical frequencies are compared from frequendié obtained[?]. However, the averaging method is hard to
which are obtained by using simulations in changing a cddse for a large system, complex shape system and so on.
pling parameter and a nonlinearity. We carry out that the thedn this study, a method, which finds a theoretical frequency
oretical frequencies can be applied for analyzing mechanispi®ach synchronization state, is developed by using reactive

of a phase-inversion waves or not. power of an instantaneous electric power on the ring system.
_ It is already known that the ring system has the in-phase syn-
1. Introduction chronization, the anti-phase synchronization and in-and-anti-

In thi wral Id. all kinds of ilat isti ihase synchronization. The theoretical values of frequencies
h fl this natural wor I all kinds ot oscl ?:ors are e>|<|s ml re compared from the simulation results in changing cir-
their are moving mostly in cooperation. For example, a Igf;j¢ parameters. Finally, we check that the theoretical values

of fireflies Wh'Ch simultaneously flash are pbserved N SOUKLK be used for analyzing mechanisms of the phase-inversion
eastern Asia. Inthe sea, a lot of sardines simultaneously swi es or can hot

and make a motion like a big fish. Especially, synchroniza-

tion phenomena can be easily observed on the electric circuit

like coupled oscillators. Therefore, on the electric circuip, Circuit Model

many researches of synchronization phenomena have been

carried out up to now. There are a ladder system, a ring sys©ur circuit model is shown in Figl. Eight van der Pol

tem and 2D lattice system which are easy shape of couptgdillators are coupled by inductag as a ring. An inductor
oscillators. On the ring system, in-phase synchronizatioasid a capacitor of each van der Pol oscillator are assumed as
anti-phase synchronizations and in-and-anti-phase synclifg-and “C” respectively. Characteristic of nonlinear nega-
nizations can be observed when the number of oscillators tve resistor ofk-th oscillator is shown ag(vy) in Eq. (1).

an even number. The in-and-anti phase synchronization is

a synchronization phenomenon which the in-phase synchro- f(op) = —grog + gsvp (1 <k <8) (1)
nizations and the anti-phase synchronizations are alternately
existing. Circuit equations of this circuit are normalized by using Eqg.

Our previous study, the synchronization phenomena on {8¢ The normalized equations are shown in Eq. (3).
ladder system, the ring system and the 2D lattice system,
which are constructed by using van der Pol oscillators and C
- : ; : ‘ g1 _ |9 —VIC
coupling inductors, were investigated. We discovered a spe- ¢ 3Lgs Ty V= 3733/1@, t=vLCT,
cial wave motion which is continuously existing. We call the
wave motion phase-inversion wavék[ The phase-inversion I 7 2
R — —_— (5 =
ch € g1 V Ca

wave changes phase states between adjacent oscillators from , — i
an in-phase synchronization to an anti-phase synchronization
or from the anti-synchronization to the in-phase synchroniza-

tion and propagates. The phase-inversion waves have some

3¢5’
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In this system, we can consider that a power effect is best
when a reactive power, which can be assumed as including in-
stantaneous electric powersbfC andL¢, is zero. In other
Yk words, we can guess that this system is a steady state when
the reactive power is zero. In this study, angular frequencies
of the in-phase synchronizations, the anti-phase synchroniza-
tions and the in-and-anti-phase synchronizations are obtained
when the reactive powers are zero.

1He=d
1

=

=

[ —1

00

()

- Prall = 0 (9)
Oscillator 1 Oscillator 2 Each phasé, is set as follows.
<Phase angles of the in-phase synchronization
Figurel: Circuit model. (0 = 0) (10)
dzy, <Phase angles of the in-and-anti-phase synchronization>
—V = Yk
dT 01 = 92 == 95 = 96 - 0
(11)
dyk 1 3 63 - 94 = 97 = 98 =T
O =~z + (e — 23 + 3p) + (Y — gyk)~ 3 _ o
T ) <Phase angles of the anti-phase synchronization

Ifk=N,a=N-1landb=1. 0, —0, —05 —0s —n (12)

If2<k<N-1l,a=k—1landb=k+1.)
Wherea expresses a coupling parameter arsthows nonlin-

earity of each oscillator. An instantaneous electric power%(fh'e\lle quS' (1)3(1f5t)r-] in-oh hronizati
each oscillators and an instantaneous electric power of eﬁpg e fregency of the in-phase synchronization

(Ifk=1,a=Nandb=2. (91 =03 =05 =0, :0>

These angle frequencies are applied for Eq. (9), and we

inductor between adjacent oscillators are calculated by which win =1 (13)
each oscillation wave shape is assumed as a sinusoidal wave.
Each current;, (1 < k < 8) is assumed as Eq. (4) <Angle fregency of the in-and-anti-phase synchronization>
x = Xsin(wr + 0y) (4) Win—and—anti = V1 + 2 (14)
yr = wXsin(wt + 6k) ) o
_ ) ) <Angle fregency of the anti-phase synchronization>
<Instantaneous electric power of the indctor in each
oscillator> 5 Wanti = V1 +da (15)
Pk = 2 kYR ) Each frequency of each phase state is shown in TaRbkn
<Instantaneouselectric power of the capacitor in eact@rbitrary value of parametersis applied for each equation
oscillator> and a frequency of each phase state are obtained.
o dyp
Per = —yn—— (6) Table 1: Frequency of each synchronization states.
<Instantaneouslectric power of the coupling indocter in-phase | in-and-anti-phase | anti-phase
£ 1 V1i+2a V1+4a
a0 2n 2 2
Prete1r) = ?(yk—i-l = yi)(Th1 — Tk) (@) n I ud

Comparison between theoretical frequencies and sim-
tion frequencies
In this circuit, each oscillation frequency is calculated
8 /s 5§ d when the synchronization state is the in-phase synchroniza-
_ Yk . : : N .
P = Z (Ezkyk + Eyde> tion, the in-and-anti-phase synchronization or the anti-phase
k=1 synchronization. Equations §)-(15) depend on only cou-

. . : . 3.
A normalized equation of a total instantaneous reactive power
by using Eq. (2) are assumed as Eq. (8).

LIPS ®) pling parametet.. However, the frequencies of using numer-
+y° — Wrt1 = y0) (@41 — 21 ical simulation depend on the coupling parameteand the
=1

k nonlinearitye. The frequencies of the simulations are inves-
ad tigated while the coupling parameterand the nonlinearity
+?(y1 —ys)(21 — 28) are changed. Calculation conditions are set as follows.
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Figure2: Errors betweerf;, and f;,, of the in-phase syn- Figure4: Errors betweerf;, and f,;,, of the anti-phase syn-

chronization. chronization.
5.0 Table 2: Frequencies of the in-phase synchronization
(Er<19%).
40 a=0.1 0=0.3 a=0.5 a=0.7
£=0.40 0.99014 | 0.99016 | 0.99016 | 0.99017
g 30 theory 1.00000 | 1.00000 | 1.00000 | 1.00000
5 I error[%] 098% | 098% | 098%| 0.98%
é 2.0 \
| Table 3: Frequencies of the in-and-anti-phase synchroniza-
1.0 tion (Er<1%).
a=0.1 a=0.3 a=0.5 a=0.7
0.0 ¢—o=t = ' £=0.40 1.08641 | 1.25705 | 1.40715| 1.54272
00020000810 theory | 1.09544| 126491 | 141421 1.54919
Nonlinearity & error[%] 0.82% |  0.62% | 049% | 0.41%
Figure 3: Errors betweeryy, and fyn, of the in-and-anti- 10 4. Frequancies of the anti-phase synchronization
phase synchronization. (Er<1%).

. . =0.1 =0.3 =0.5 =0.7
1. The coupling parameter is changed from 0.00 to 1.00 ¢ a ¢ ¢
every 0.05. £=0.45 1.17263 1.47473 1.72472 1.94281

2. The nonlinearity is changed from 0.1 to 0.7 every 0.2. | theory 1.18321 | 148323 | 1.73205| 1.94935

The errorsEr between the theoretical frequencies and the SorL] 0.89% 0.71% 0.42% 033%
simulation frequencies are obtained by using Eq. (16). The
frequency by using simulation is callgd;,,,. The theoretical of f,;, andf.;,, areshown in Table. When the synchroniza-
frequency is nameg;, . tion state is the anti-phase synchronization, valueg;pand
fsim — fin fsim are shown in Tablé.
E =|=—|x1 16 . .
r{%] x 100 (16) 4. Instantaneous Fregencies of Phase-Inversion waves

ftn
Whenthe synchronization state of the ring is the in-phase syn-\We check that the frequency equations and value can be
chronization, relations between the erréis and the param- used or can not be used in analysis of mechanism of phase-
eters are shown in Fig2. The errorsEr are shown in Fig3 inversion waves. An phase-inversion wave, which changes

when the synchronization state is the in-and-anti-phase sghase states between adjacent oscillators from the in-phase
chronization. The error&r are shown in Fig4 when the synchronization to the anti-phase synchronization, propa-

synchronization state is the anti-phase synchronization. gates with another phase-inversion wave, which changes the
Values off;;, and f;,, of which the errorsgZr are under 1% phase states from the anti-phase synchronization to the in-

are shown in Tabl@ when the synchronization state of th@hase synchronization.

system is the in-phase synchronization. When the synch@bservation conditions of the phase-inversion waves are con-

nization state is the in-and-anti-phase synchronization, valfigsired as follows.
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Figure6: Itinerancies of the instantaneous fregencies by two
Figure5: Domains which the phase-inversion waves are Oﬁ’nase -inversion waves.

served.
1. ais changed from 0.00 to 0.80 every 0.05.

2. e is changed from 0.00 to 0.80 every 0.05.

A domains, which the phase-inversion waves are observeog 401
are shown in Fig. 5. The phase-inversion waves can be s’ 9
observed in the colored domain. We investigate the phasea -60
inversion waves whem ande are set 0.1 and 0.2 respec- 801
tively(see X-mark in Fig. 5). Instantaneous frequencies =

gree]
)
O

fer

and phase differences of when the phase-inversion wave% -100}
are propagating are shown in Fig& and7. The phase- & _120l
inversion wave, which change from the anti-phase synchrom
nization to the in-phase synchronization propagate immedi- -14(
ately after the phase-inversion wave, which change from the 600 650 700 750 800 850 900 950 1000
in-phase synchronization to the anti-phase synchronization, Time

propagates(see around 700vFig. 7). Therefore, the in-
stantaneous frequencies start to decrease before arnvmg1
the anti-phase synchronization frequency(see around if007
Figs. 6 and7). The instantaneous frequencies arrive at the
in-phase synchronization frequency and become to a stable
state(see around 770m Figs. 6 and7). In this Fig. 6, we

can think that our theoretical value can be used for anaIySLﬁgiS work was supported by JSPS KAKENHI Grant Number
mechanism of the phase-inversion wave because the instapgg -y 5o
neous frequencies arrive at near the in-phase synchronization
frequency and does not arrive at the anti-phase synchroniza-

tion frequency.

\g};gre?‘ Itinerancies of the phase differences by two phase-
rsion waves.
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