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Abstract observe various synchronization phenomena.

There have been many investigations of the mutual synchéo—
nization of oscillators, because mutual coupled oscillators
have various phase states. We paid our attentions to simulrhe circuit model is shown in Fig. 1. Two simultaneous
taneous oscillator, which consists of two resonators with djfgjjjators are coupled by a resis®r The simultaneous os-
ferent frequencies. In this study, we investigate synchroniziator consists of nonlinear resistor and two resonators. We
tion phenomena in coupled two simultaneous oscillators Wiy fifth-power nonlinearity to the nonlinear resistor. The
hard nonlinearities. By computer calculations and circuit e3zcillator with hard nonlinearity has multiple stable states and

periments, we observe various synchronization phenomeng,ses complicate phenomenon. In order to change the fre-
guencies of resonators, we change the value of

Circuit Model

1. Introduction

In our surroundings, there are a lot of synchronous phe-
nomena. The synchronous luminescence of firefly group, cell
of heart producing pulses at equal intervals and revolution of
the moon etc. are good examples in which a synchronous  nR
phenomenon is comprehensible. Namely, synchronization is l
common phenomenon in the field of natural science. We feel
that it is very interesting but the mystery. Because, it is often
difficult to analyze these phenomena.

There have been many investigations of the mutual syn-
chronization of oscillators, because mutual coupled oscilla-
tors have various phase states. We consider that it is very
important to analyze synchronization phenomena of coupling
oscillators. We can analyze the synchronization phenom-
ena of coupling oscillators more easily than that of fire-
fly group by using computer calculations and cwcm_t exp%j Circuit Equations
iments. Through these research, we expect that investiga-
tion of simple synchronization phenomena is the key that ar-tne circuit equations are described as follows,
rives at complicated synchronization phenomena in real nat-

NR

i[v,+v] i[v, +v,]

NR : nonlinear resistor

Figure 1:Circuit model.

ural field. dll d|2 d|3 dl4
' : . vi=Lbi—, w=Li—, va=Ly—, vy =Lo—,
J. Sch#éner confirmed that an oscillator with two degree ld Varr 2 Ttdtr BT Par YT Pt
of freedom can oscillate simultaneously at twéfelient fre- Cﬂ = —ip — = (V4 + V3 — Vo — Vg) — ir[V1 + V3],
quencies when the nonlinear characteristics is fifth-power [1] dt R

dV2

However, after their pioneering work, there have not beeq C =—ir+ %(vl + V3 — Vo — V) — ir[V2 + V4], Q)

many researches on simultaneous oscillator except [2][3]. dd\;tg 1

In this study, we investigate synchronization phenomeng CE =—iz— ﬁ(vl + V3 — Vo — V) — ir[V1 + V3],
in two coupled simultaneous oscillators with hard nonlinear- dva 1 _
ities. By computer calculations and circuit experiments, wel CW =—ig+ ﬁ(Vl + V3 — V2 — V) —ir[V2 + V4]
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wherei,[vy] indicates thev—i characteristics of the nonlinea”.1. Same frequencies
resistor and is approximated by Eqg. (2). For circuit experi-
ments, the fifth-power nonlinear resistor is realized as showr 'St W€ consider the case 0f = w; = w3 = ws.
in Fig. 2. e W1 =wWy=w3=wy

ir[V] = 01V - gav° + G5V* (91.05.95 > 0) (2) Figure 3 shows the computer simulation results and the cor-
By using the following variables and parameters, responding circuit experimental results. As shown in Fig. 3,
we are able to observe in-phase oscillatioxof X, — X3 — X4.

_ 4/& Xe. iy = /9 o 91 Vi This is the most basic synchronization of the circuit.
b 595 9

/ EFE N Y RS "\ N\ NNNN
a=R —, eE=01 ¢ = 93 ! v Vi
505’ @) / AN
g by Lo,
B Ly’ v L3’ L4 x; A VAVAvE v/ \/\/\/\/\/\/\
NS d AVAYAYAVAVAVA
t=+4LiCt, .7 = ar Xq \VAV, VA, K
the normalized circuit equations are given as follows. (@) (b)

Y1=X, V2= BX1, ¥3= 7%, Ya=0Xa, Figure 3:Time waveform. (a) Numerical resuft£y=6=1.0,
1 1 a=0.1). (b) Experimental resultL{=L,=L3=L4=10mH,
Xl =-y; — CX(X13 — X24) — 8(X13 — §¢X§3 + g)(53) , C=47nF,R|_=6.45|(2, R=217|(2)
Lo+ 5
Xo = =Yz + a(X13 — X4) — & Xea — 3%+ %)
1 4.2. Two different frequencies
= —Y3 — a(X13 — Xo4) — 8(X13 —¢X§3 + 5’@3)’ _ -
® (W] = W2 # W3 =Wy
1 1 - . .
X4 = —Ya + (X13 — Xo4) — s(x24 - §¢x§4 + gx§4). As shown in Fig. 4, we can observe two pairs of in-phase
4) oscillations ofx; — X, andxz — X4. It is interesting that the
(%= % +% ) oscillators synchronize with simultaneously oscillatiory
K= andxs do not synchronizexs and x, synchronize although
they are not directly connected each other.
) 150€2 SV Zeners A AN A
° X \VARV v/ V v /\/\/\/\/\/
SAVAVAVAVAVAVAVAVAVAVARRA "\ /" /\/\/ \/
R, § % PR RAAVAVAVAVAVA
15kQ X, AAAAAAAAAANAND Vs AAVAVAVAVAVAVAY
L3 VAVAVAVAVAVAVAVAVAVAVAVAVAY
15£Q
(a) (b)

777
Figure 4: Time waveform. (a) Numerical resul£1.0,

v=6=2.0, @=0.1). (b) Experimental resuli_{=L,=20mH,
L3=L4=10mH,C=47nF,R =6.45k2, R=2.17kQ).

Figure 2:Nonlinear resistor (fifth-power).

4. Synchronization Phenomena

. . . . ® (W] = W3 ¥ Wy =Wy
Synchronization phenomena for changing frequencies

of four resonators of two oscillators are classified b&igure 5 shows two pairs of in-phase oscillationsxpf- x3
low. The frequencies okq, X, X3, X4 are corresponding toandx,—x4 whena is small.« is corresponding to the coupling
w1, W2, W3, W, respectively. strength. On the other hand, as shown in Fig. 6, winés
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large, we are able to observe in-phase oscillatior, 6f x, — X AN
X3 — X4. It seems that the frequency for this case is betwee VALY,
the frequency ok; — xz in Fig. 5 and the frequency 66 — x4 x, AAAAAAAAAAASSAY v B SNANNANAAN
in Fig. 5.

JAN Al
VAV, Vv ¥

NANAAANAADN AN v,
ATRVATATATAVAVAVAVAVAVAVAVAY NS

SHFAVAVAVARARAVAVAVAVA ] \ "\ \ "\ \ N

\

(@) (b)

Figure 7. Time waveform. (@) Numerical result

AN AAAR (8=2.0, y=2.0, 6=1.0, a=0.1). (b) Experimental re-

R AR A A A AR sult (Ly=L4=20mH, Ly=L3=10mH, C=47nF, R_=6.45K2,
(@) (b) R=2.17kQ2).

X

N NSNS

W

A NN AWAWAWA
JVVVVVVVVVVVVVURY

AN ATA

Figure 5. Time waveform. (@) Numerical result
(8=2.0, y=1.0, 6=2.0, @=0.01). (b) Experimental re-
sult (L;=L3=20mH, Ly,=L4=10mH, C=47nF, R =6.45k2,
R=12kQ).

4.3. Three diferent frequencies
® W] =Wy #F W3#F wg OF W1 # Wy # W3 =wy

Figures 10 and 11 show three types of synchronizations. Fig-
ure 10 shows waveforms fas, = wy # w3z # wy, Fig. 11
shows waveforms fow; # wy # wz = ws. In both condi-
tions, we are able to observe three types of synchronizations
to changer. As increasingy, we are able to observe indepen-
dent oscillations, oscillation death, and distorted oscillations.

% AAAAAAAAAAA v AVAVAVAVAVAVAVA
Y AVAVAVAVAVAVAVAVATAY v, AVAVAVAVAVAVAVA]
PR AALL v, AVAVAVAVAVAVAVA

I RVAVAVAVAVAY VYA
@) (b)

Figure 6: Time waveform. (@) Numerical result

(8=2.0, y=1.0, 6=2.0, @=8.0). (b) Experimental re- ©® w1# w2 7# w3 # w4

sult (L;=L3=20mH, Ly,=L4=10mH, C=47nF, R =6.45k2,

R=20Q0). Shown in Fig. 12(a), we are able to observe four independent
oscillations wherr is small. On the other hand, whenis
large, the oscillations are distorted as shown in Fig. 12(b) or
some resonators stop to oscillate.

4.4. Four different frequencies

® W] = W4 F W2 = W3

: : . —_— 5. Conclusions
Figure 7 shows two pairs of in-phase oscillationsxpf- x4

andx; - . x; andx, do not synchronize. Although two dif- | thjs article, we have presented synchronization phenom-
ferent frequencies are set tdferent positions, the oscillatorseng in coupled simultaneous oscillators. We focused on the
can synchronize. For this case, synchronous state doesqagfjjators with the fifth-power nonlinear characteristics, and

change for dierenta. investigated synchronization phenomena with coupled multi-
ple frequencies. We investigated synchronization phenom-
® W1 =W3=waF Wy OF Wy =wW2=wW3#ws ena by computer calculations and circuit experiments. By

changing the frequencies of the resonators and the coupling

Figure 8 shows in-phase oscillations)af- x; — X, andx, — strength, we observed various synchronous states.

X2 — X3 whena is small. The amplitude af, is about twice
of x; or X3, as shown in Fig. 8(a). Similarly, the amplitude of

X, is about twice ofx; or x3, as shown in Fig. 8(c). On the References
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q Figure 10: Change in waveform by changing (3=1.0,
© @ v=2.0,6=4.0,a=0.01). (a) Independent oscillation£0.01).

Figure 8 Time waveform. (a) Numerical result(b) Oscillation death ¢=0.1). (c) Distorted oscillation
(8=0.5, y=1.0, 5=1.0, a=0.1). (b) Experimental re- (@=8-0)-
sult (Ly=L3=L4=10mH, L,=20mH, C=47nF, R =6.45k2,
R=2.17k2). (c) Numerical result 8=1.0, y=1.0, 6=0.5, X v
a=0.1). (d) Experimental result L{=L,=L3=10mH, B PAAAAAAAAAAAAY W
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; . ; Figure 12:Time waveform. g=1.5,y=2.0,6=4.0). (a) Inde-
Figure 9: Time waveform. (a) Numerical resulB£0.5, N . A
yfluo 5=1 (; a:gvl)v (b) Top f)f)theuoscilllaton(ls-kuz)%and pendent four oscillationg®=0.01). (b) Distorted oscillations

(X + Xa) («=8.0).
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