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Abstract—In this study, synchronization phenomenon observed nonlinear functionsg, andigp.
from two inductively coupled simultaneous oscillators can exhibit
both in-phase and anti-phase synchronizations. We can confirm

the phenomenon that double-mode and simultaneous oscillation CldLll = —in—im—lic, Ll% =V
is generated at the same time. dt dt
dV12 . . . di12
2= = 2~ lr e, Lzﬁ = V2
|. INTRODUCTION
I dV13 . . . L di13 _
In 1954, Schfiner reported that an oscillator with two 3 - ' IRTle, Lem g = Vas
degrees of freedom could oscillate simultaneously at two .
di . . .. dV21 . . . dlgl
ifferent frequencies when the nonlinear characteristics are ClW =—lp1 —ip +ic, Llﬁ =Vy
described by a fifth-power polynomial function [1]. Kuramitsu .
investigated the simultaneous oscillations for three or more dvpp ; . dipz
. . . C2_ = =lpp—Ir +Ic, L2— = Vo2
degrees case theoretically and confirmed the generation of dt dt
triple mode oscillation by circuit experiments [2]. Simulta- dVsy _ _ _ diss
neous oscillations are definitely one of the most common CST =-—lz3—Ir +lc, Lsﬁ = V23 (2)

nonlinear phenomena observed in various higher-dimensional

systems in the natural fields. However, after their pioneeri . L .

w{)rks as far as the authors know. there have not Ict))een m'@\%erem is the current through the coupling inductor and is
' e . o } iven as

researches clarifying the basic mechanism of the simultanecus

oscillations except [3][4].

In our past study, we have reported synchronization phe- ic
nomena observed from two resistively coupled simultaneous
oscillators [5] and two inductively coupled simultaneous os- ) o )
cillators [6]. In this study, we investigate two inductively couThe currents through the nonlinear resistaes and ir, are
pled simultaneous oscillators with more degrees of freedof{Y€n as

_ La(iag —iag) + Lo(iag = i2p) + La(ins — i)
Lc

®)

We confirm the generation of various interesting modes of ) _
oscillations from the circuits. R = fR(Vll + V12 + Vi3) )
ire = IR(V21 + V22 + V23)
Il. CIrcuIT MODEL ) ] )
By using the following variables and parameters,
The circuit model is shown in Fig. 1. In the circuit, two
simultaneous oscillators with thréeC resonators are coupled C
) . g . 4% Y ! 1
by an inductorLc and each simultaneous oscillator consists Vmn = 5—95an, Imn = 5ge L—lymn,
of a nonlinear negative resistor, whose i characteristics are
described by a fifth-power polynomial function as Qor = G _ L _ L
Cl—= > a1 = B s
C2 L2 LC
. 5
iR(V) = 01V - gaV* + Gsv° (01,0395 > 0) (1) C, Ly ®)
acz = C_S’ a2 =

and three resonators with fiirent natural frequencies. The

equations governing the coupled oscillators are described b [L 3 [
q g g p y £ = ga C—]]i, ﬂ = & 59_915, = \/ET,

L_3,
the following 12th-order dferential equations including two o1 t
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Fig. 1. Circuit diagram.

the normalized circuit equations are given as follows.

dx
d—il = —y11 — f(Xu1 + X2 + Xa3) - Y
dyi;
dr - a
X
d_71-2 = ac1{-Y12 — f(Xu1 + X2 + X13) — Yc!
d
% = aL1X12
dx
d—;?‘ = acaf{—Y13 — f(X11 + X12 + X13) — Yc}
d
ﬁ = a12X13
X
d_jl = —yo1 — T(Xo1 + Xo2 + X23) — Yc
dys;
dd—T -
X
d_72-2 = ac1{-Y22 — f(Xo1 + Xa2 + X23) — Yc!
d
? = aL1Xe2
X
d_‘12'3 = aca{-Yo3 — T(Xo1 + Xa2 + X23) + Yc)
d
f’ = @12X23

whereyc corresponds tac and is given as

Y12 — Y22 + Y13 — yzs)
a1 a2

Yc = 7’(y11—Y21+

(6)

@)

and the nonlinear functiof(-) which corresponds to the—i
characteristics of the nonlinear resistors is given as

f(x) = e(x—§x3+ éxs)

®)

I1l. SYNCHRONIZATION PHENOMENA

We investigate the phenomenon by changing the parameters.

xll

s Xy

Fig. 2. Lissajous figures of six resonators. Horizontah,. Vertical: ymp.
ac1 =05,a11 =0.3,ac2 =04, a2 =02,y =0.01,¢ = 0.055 ands = 3.14.
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Fig. 3. Phase dterences of six resonatorgc = 0.5, a1 = 0.3, acz = 0.4,
a2 = 0.2,y =0.01, ¢ = 0.055 andB = 3.14.

Figure 2 shows the computer simulated results. The coupled
oscillators exhibit various synchronization patterns fdfed
ent initial conditions. Figure 3 shows the phasfatences of
voltagesx;1-X13 and Xp1-%o3. We can see from those figures
that each phasefiiérence is asynchronous. Hence, we can say
that double-mode and simultaneous oscillation is generated at
the same time. Namely, the relationship between right and
left oscillators is double-mode, while the relationship between
above and below oscillators is asynchronous. Figure 4 shows
the time waveforms of the six voltages. The time waveforms
of X171 andxy; are double-mode, whilg;> and x5, X13 andxo3
are also double-mode. We can confirm that the envelopes of
the double-mode oscillations are synchronized in anti-phase.
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Fig. 4. Time waveforms ofyn. ac1 = 0.5, a1 = 0.3, ac2 = 0.4, a2 = 0.2,
v =0.01, £ = 0.055 andB = 3.14.

Fig.

Fig.

6. Phase dierences of six resonatorge; = 0.5, @1 = 0.3, acz = 0.4,

a2 =0.2,y=0.1, e=0.055 andB = 3.14.
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7. Time waveforms ofmn. ac1 = 0.5, a1 = 0.3, acz2 = 0.4, a2 = 0.2,

y=0.1, e =0.055 andB = 3.14.

Fig. 5. Lissajous figures of six resonators. Horizontah,. Vertical: ymp.
ac1 =05, a1 =03, ac2 =04, a2 =02,y =0.1, ¢ = 0.055 ands = 3.14.

(3]

M.Matsuki and S.Mori, “Asynchronous simultaneous oscillations in
negative resistance oscillatory circuit containing periodically operating

Figures 5, 6, and 7 show another example of the steady states analog switch,” IEICE Technical Report on CAS, Vol.101, pp.81-87,

obtained for diferent coupling parameter. The figure xf-
X21 IS synchronized in in-phase. But, the figure xab-xo; is 4]
synchronized in anti-phase, and the figurex@f X,z is double-
mode.
(5]
IV. CoNcLusIONs

In this study, we have investigated the generation of syrs]
chronization phenomena observed from two inductively cou-
pled simultaneous oscillators with three resonators. We could
confirm the phenomenon that double-mode and simultaneous
oscillation have generated at the same time. Namely, the
relationship between right and left oscillators is double-mode,
while the relationship between above and below oscillators is
asynchronous.
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