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Abstract v

In this study, the attracting forces to a steady states are
theoretically analyzed by using reactive powers in coupled
oscillator system, and are obtained by using a simulatior| OSCl \JWM 0SC2 ‘
The attracting forces are investigated in changing a cot Le J_

pling parameter by using our theoretical method. = =

I l

M) ;g 2

OSC

1. Introduction
We can observe synchronization phenomena in our body. dx
There are a synchronization of among pacemaker cells in e Yio
our heart, and the pulse synchronization phenomenon can T
be observed in other nervus system, too. Therefore, we can  dy;, 1
say that the synchronization phenomenon is one of most gy ~ % a(Xa = 2% + %) + £(yk — §y§)- 3)
important phenomena in this world. The synchronization
phenomena can be observed on electric circuits. Many (If k=1, a=Nandb=2
kinds of synchronization phenomena and characteristicsof If k=N, a=N-21andb=1
the phenomena were reported by many researchers[2]. The 1f2 <k<N-1, a=k-1landb=k+ 1)
synchronization phenomena have been analyzed by manyyhere o expresses a coupling parameter anshows
methods. The averaging method is often used when ﬂﬁ%nlinearity of each oscillator.
synchronization phenomena are theoretically analyzed[2].
The method is hard to be used for transient state. 2.1. Calculation of reactive power
In this study, an attracting force, which two oscillators - o instantaneous electric power of each oscillators and
are attracted to a synchronization state, are investigated Qy jnstantaneous electric power of each inductor between
using reactive powers of the s'ys.tem arld S|m'ulat|ons.' Fué'djacent oscillators are calculated by which each oscilla-
thermore, the attracting force is investigated in changing @, \vave shape is assumed as a sinusoidal wave. Each
coupling parameter by using our theoretical method. currentx (k = 1 or 2) and ezch voltagg are assumed as
2. Circuit Model Eq. (4) Amplitudes of two oscillators are assumed as same
Our circuit model is shown in Fig. 1. The van der polvalue. Angular frequencies of two oscillators are assumed
oscillators are coupled by inductbe. An inductor and a @S Same value, too.
capacitor of each van der Pol oscillator are shownlds “
and ‘C” respectively. Characteristic of nonlinear negative
resistor ofk-th oscillator is shown a$§(w) in Eq. (1).

f(vi) = g1k + gV (k=1 or 2) 1)

Figure 1: Circuit model.

X = Xsinwt + k)

Yk = wXsinwt + 6) “)

<Instantaneous electric power of the inductor in each
oscillator> 5
Circuit equations of this circuit are normalized by using Eqg. Pk = — XYk 5)

&

(2). The normalized equations are shown in Eqg. (3). ) o
<Instantaneous electric power of the capacitor in each

- Ca O oscillator
i=4]z—X, V= ,/=—W t= VLCr,
\'3Lgs V3gs™ Poi = 2y ®)
& T

I A @) <Instantaneous electric power of the coupling induetor
, €= gl E’ = _l

o= — o= .
303

L ad
¢ Pl = ;(yl - ¥2)(X1 = X2) (7)
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A normalized equation of a total instantaneous reactive Next, amplitudeX is calculated. A total active power of

power are assumed as Eq. (8). this circuit is obtained as a sum of powers of a nonlinear
2 (s 5 dyk negative resistor in each oscillator(see Eq. (17)).
Prai = Z (—XkYk + —yk—)
=ACHE ®) 2 P sd
3 X X
o Paall = Z(_(SF + §F) 17)
+;(Y1 = Y2)(X1 — X2) k=1 v v

An amplitude X of each oscillator is calculated, when
Paail is integrated in a period and the result is assumed zero
In this system, we can consider that a powffe& is as follows.

2.2. Derivation of angular frequency

best when a reactive power, which can be assumed as sum 7

of instantaneous electric powers lof C and L¢, is zero. fo Paaidr = 0 (18)
In other words, we can guess that this system is a steady 2

state when the reactive power is zero. In this study, an- X = w

gular frequencies of the in-phase synchronizations and the .
anti-phase synchronizations are obtained when the reactive'/€ calculatePray of each phase erence by using the

powers are zero. w and thex.
I:)rall =0 (9)

We want to calculate Eq. (8), but we can’t calculate thé- Attracting Force
equation without an oscillation angular frequercgnd an
amplitudeX . However, wherf; andé, are zero op; is 0
andé, is r, w can be obtained by using Eq. (9).
<Phase angles of the in-phase synchronization

6c=0 k=1 or 2) (10)
<Phase angles of the anti-phase synchronization

The attracting force is considered by using reactive pow-
ers and simulations.

3.1. Analyzing method by using reactive powers

We setd = 6, — ;. Waveforms of reactive powers are
shown in Figs. (2)—(6) in changing the phasffatence’.
( 61 =0 ) (11) We can understand that the amplitude is zero whergthe

6, =nm is 0 degrees or 180 degrees. In other words, if a condition
of the system is a steady state, the amplitude of the reac-
tive power is zero, and if the condition is not the steady
cﬁate, the amplitude is not zero. Therefore, we think that

e system becomes unstable when a value, which the re-
active power is squared and integrated in a period, become
large. The value is expressedRs.

Firstly, an in-phase synchronization frequengy and
an anti-phase synchronization frequengy,; of this cir-
cuit are calculated by using the Eqg. (9). A phase of ea
oscillator is set ask.
<Phase angles of the in-phase synchronization

6c=0 k=1 or 2) (12)
<Phase angles of the anti-phase synchronization P = f Prall2dr (19)
0
( zl f 2 ) (13) TheP,t is calculated in changing phasdfdrenced and
, =

shown in Figs. (7) and (8). The Fig. (7) shows results of
The angular frequency of the in-phase synchronization i&hen thex is set as 0.05 and theis 0.1, and the Fig. (8)
achieved by which Eq. (12) is applied to Eq. (9). shows results of when theis set as 0.1 and theis 0.1, We
<Anglular frequency of the in-phase synchronization ~ can understand th&r becomes a maximum value when
0 = 90 degrees. In under 90 degrees, whenstbecomes
win =1 (14)  small, P,r becomes small. In over 90 degrees, when the
? becomes largeP,+ becomes small. We assume tlgat
c?]anges so that tH&t becomes small. In other words, the
0 is attracted to zero under 90 degrees, @isglattracted to
180 degrees over 90 degrees. If change ofRkeis large
Wanti = V1+ 2a (15) When thed is a little changed, we think that the attracting
force is large. Therefore, we calculate gradient values of
We assume that each angular frequenayf each phase the graph of thé,t. The gradient values are multiplied by
difference €, — 6,)[degree] exists betweeni, and wani -1, because we want to show the results as negative values
and linearly vary betweewi, and wani. Thereforew is  in a domain of which thé decreases to zero, and as positive

The angular frequency of the anti-phase synchronization
achieved by which Eq. (13) is applied to Eq. (9).
<Anglular frequency of the anti-phase synchronization

calculated by the following equation. values in a domain of which theincreases to 180 degrees.
Oarri — The inversion gradient valugsare shown in Figs. (9) and
anti in
=—180 % (62 = 61) + win (16)  (10)(see Eq. (20)).
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Figure 2: Instantaneous reactive power Pfalll degrees).
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Figure 3: Instantaneous reactive power P¢aif5 de-
grees).
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Figure 4: Instantaneous reactive power Pfaif0 de-
grees).
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Figure 5: Instantaneous reactive power P6ali(35 de-

grees).
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Figure 6: Instantaneous reactive power P6aii(80 de-

grees).
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Figure 7: Theoretical results d¥t(¢ = 0.05 ande =

0.10).
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Figure 8: Theoretical results &1 (a¢=0.10=0.10).
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Figure 9: Theoretical results gf{a=0.05£=0.10).
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Figure 10: Theoretical results gfa=0.10£=0.10).
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We can think that the attracting force to stable state is
strongest when an absolute value of thes a maximum
value. Therefore, we can understand that whed5 de-
grees and 135 degrees attracting force become strongest.

3.2. Analyzing method by using simulations

An attracting force of each is investigated by using a
simulator. An initial phase ¢lierence between two oscil-
lators is changed by which initial values of a voltage and
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a current of each oscillator are changed. A calculatiofi.15 or 0.20. The theoretical results are shown in Fig. 14.
method of phase fference is shown as follows(see Fig.We can understand that the attracting faydecomes large
11). In the Fig. 11, two sinusoidal waves show voltageas the coupling parameterbecomes large.

of two oscillators. They shows the first positive peak of a .

oscillation waveform of an oscillator after= 0, and thea, 5. Conclusions

expresses the second positive peak. Fhshows the first In this study, the attracting forces to a steady states were
positive peak of a oscillation waveform of another oscillatheoretically analyzed by using reactive powers and were
tor. Time ofay, a; andb, are expressedsy, To2 andrp. obtained by a simulation in a coupled oscillator system.

Thed is calculated by using Eq. (21). The theoretical results and the simulation results were ob-
Top — Ta2 served same results, basically. Furthermore, we investi-
b= . 360[degree] (21)  gated that the attracting force becomes strong as coupling

parameter is increased by using our theoretical method.
In this paper, we investigate how much thes changed
during X for each the initial phase fiierence. A changing Acknowledgment
value of¢ is shown as\¢ and calculated by Eq. (22). This work was supported by JSPS KAKENHI Grant
Number 25730152.
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Attracting forces are investigated in changing the cou-
pling parameterr by our using theoretical method. The
nonlinearitye is fixed as 0.1 and the is set as 0.05, 0.10,
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Figure 11: A calculation method of a phaséelience. Figure 13: Simulation result (= 0.10 ands = 0.10).
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Figure 14: Theoretical results in changing a coupling
Figure 12: Simulation result @f{a = 0.05 ande = 0.10).  parametar from 0.05 to 0.20 every 0.05.
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