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In recent years in nonlinear dynamics particular attention was paid to studying the chaotic
behaviour of dynamical systems and their routes to chaos. Sometimes this route may be intricate. We
watched such intricate route to chaos when studying the quasi-periodic route to chaos in strongly
nonlinear non-smooth discontinuous vibroimpact system that was two-body 2-DOF one. After
Neimark-Sacker bifurcation many different regimes replace each other. There are transitional
regimes with inconsistent characteristics among them. We analyze these regimes with continuous
wavelet transform CWT applying. CWT plots confirm just their transition kind and give clear picture
of different frequencies presence in time series and their distribution in time.
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1. Introduction

At present chaotic dynamics is one of the most interesting and investigated
subjects in nonlinear dynamics. Now it is well known that just deterministic
chaos is not an exceptional mode of dynamical systems behaviour; on the
contrary, chaotic behavior occurs in many dynamical systems in mathematics,

mechanics, engineering, physics, chemistry, biology and medicine. Therefore,
the studying of chaotic dynamics is one of the main ways of modern natural
science development. Now the theory of chaotic vibrations is well developed and
is continuing to develop further [1-3].

Let us underline that dynamical deterministic chaos occurs in entirely
deterministic systems only under the control parameter changing without any
random external influence. And this changing may be very small.

The routes to chaos in nonlinear dynamical systems are of the special scientists’
interest. It is known three main routes to chaos in dynamical systems [1, 3]:

1) period-doubling route to chaos — the most celebrated scenario for chaotic
vibrations, it is Feigenbaum scenario;

2) quasiperiodic route to chaos;

3) intermittent route to chaos by Pomeau and Manneville.

We have studied the quasi-periodic and intermittent routes to chaos in
vibroimpact system in our previous works [4,5] and references therein.

Vibroimpact system is strongly nonlinear non-smooth discontinuous
dynamical system. The studying of its dynamical behaviour has certain
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difficulties because of its non-smoothness and discontinuity. When we are
comparing the quasi-periodic and intermittent routes to chaos in our vibroimpact
system we see that the quasi-periodic route is considerably more intricate then
intermittent one. Different oscillatory regimes replace each other many times
under very small control parameter varying. There are periodic subharmonic
regimes — chatters, quasiperiodic, and chaotic regimes. There are the transitional
regimes which occur between other defined ones. What are the transitional
regimes? They occur in the zones of transition from one regime to another, they
correspond to prechaotic or postchaotic motion. They have the inconsistent
characteristics: their Fourier spectrum fits to the one regime kind, Poincaré maps
— to another. So we cannot say something specified about its kind.

Therefore we decided to test new technique in order to characterize this
multiscale behaviour. This new technique is Continuous wavelet transform
CWT.

Wavelet analysis is useful for recognizing periodic and chaotic motions both
in the frequency and time domain. It turned out to be an efficient tool for the
studying of vibroimpact system dynamic behaviour. In particular it permits the
detection of unconformities and other abrupt changes in signal.

In recent years, the wavelet analysis has been applied in many scientific
fields. Much commercial software can present the function of wavelet analysis,
such as Mathcad and Matlab.

The CWT applying for studying our vibroimpact system dynamic behaviour
was very successful one. It was very useful for distinguishing periodic and
chaotic regimes. We have “caught” the intermittency due to its helping [5]. It is
worth to point out that the intermittency finding is not such an easy task. It is
difficulty to discover it by usual ways such as phase trajectories, Poincaré maps,
and Fourier spectra construction, even the Lyapunov exponent estimation. Let us
remind that under intermittency the laminar phases (periodic regimes) alternate
with turbulent ones (chaotic bursts) when the control parameter having the same
value. Just because its Fourier spectrum is board and continuous and all other
characteristics are such as ones under the chaotic motion. But CWT gives the
information about time dependence of the different frequencies. So CWT copes
with intermittency recognizing well. It is the reason for analysis of transitional
regimes with CWT helping.

2. Where the transitional regimes were discovered

We consider the strongly nonlinear non-smooth discontinuous dynamical
system which is two body 2-DOF vibroimpact system (Fig. 1) under periodic
external loading F(¢) = Pcos(wt+ @) . Its dynamical behaviour was studied in

details in our previous works [4, 5] and references therein. Its amplitude-
frequency responses in wide frequency range are depicted at Fig. 1 too.

We have watched the quasi-periodic route to chaos, the transient chaos, and
hysteresis effects (jump phenomena) in very narrow frequency range 7.45 rad-s™
<o <8.0 rad's™. It is the region between points K and L on amplitude-frequency
response where Neimark-Sacker bifurcations occur. At Fig.2 we show the
largest Lyapunov exponent dependence on control parameter that is the
frequency of external loading.
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Fig.1. Vibroimpact system model and amplitude-frequency responses

It is worth to remind that the sign of largest Lyapunov exponent A determines
sufficiently well the kind of oscillatory motion: the negative sign A <0
corresponds to periodic regimes, the positive sign A >0 — to chaotic ones, and
M=~0 — to quasi-periodic oscillatory regimes. We see sufficiently intricate route to
chaos at this plot. Different oscillatory regimes succeed each other many times
under very small control parameter varying in narrow frequency range. There are
periodic subharmonic regimes with long period and big number of impact per
cycle — chatters, quasiperiodic, and chaotic regimes. The hysteresis effects (jump
phenomena) are observed at two frequency ranges.
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Fig. 2. The largest Lyapunov exponent dependence on control parameter

We see two regions of transitional regimes which occur between other ones.
All of them have the small largest Lyapunov exponents, which are near the zero.
These regimes are similar to one another. All of them have the conflicting
characteristics.

3. Analysis of transitional regimes

Let us have a more attentive look at the transitional regimes. Let us attempt
to use continuous wavelet transform CWT for more precise its determination.
We use software Matlab with Morlet wavelet.

In [5] we showed the view of surfaces of wavelet coefficients (3D plots) and
their projections for periodic and chaotic motion. They had different well-
pronounced views.

Now let us first have a look at the view of quasi-periodic motion at the
wavelet plots. At Fig. 3 we show the characteristics of quasi-periodic regime for
attached body m; under ® =7.51 rad-s”.
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Fig. 3. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for quasi-periodic regime under @ =7.51 rad-s™ (Colour online)

The wavelet plots have not well-pronounced view, they are similar the plots
for periodic motions with long periods and big number of impacts per cycle. It is
logical as the quasi-periodic motion is almost periodic one.

Now let us have a look at the characteristics of the transitional regime under
©=7.61 rad's”. We show its phase trajectories with Poincaré map and Fourier
spectrum in logarithmic scale at Fig. 4 (for main body m;,). Its Poincaré map is
almost closed curve as under quasi-periodic regime, but Fourier spectrum is
board and continuous, such as under chaotic motion. These characteristics are
inconsistent ones. This regime isn’t quasi-periodic, isn’t chaotic one. Maybe its
wavelet characteristics can show its kind more precisely? At Fig. 4 the wavelet
surface projection and surface of wavelet coefficients for this regime are
depicted. We see two high frequencies with strong power and a lot of low
frequencies with very weak power which provide the continuous Fourier
spectrum. They change little in time that provides almost closed curve on
Poincaré map. These plots don’t make idea about this regime more precise one.
But they confirm that this regime does not belong to the kind of quasi-periodic or
chaotic one. It is exactly transitional regime.

Let us have more attentive look at the second region of transitional motions
under 7.815 rad-s'<  <7.90 rad's™". We see the chaotic regimes under o =7.80,
7.81, 7.815 rad's™. The characteristics for such regime under ® =7.815 rads™ are
depicted at Fig. 5.
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Fig. 4. Phase trajectories, Poincaré map, Fourier spectrum, wavelet surface projection, and surface of
wavelet coefficients for transitional regime, ®=7.61 rad-s, 2=0.0027 (Colour online)

These plots have the view which is typical for chaotic motion. Poincaré map
is disordered set of points in limited space. The plots of wavelet characteristics
display two high frequencies with strong power and a lot of low frequencies with
weak power that provide a board continuous Fourier spectrum. It is seen well
that all of them are changing in time.

Then we see transitional (prechaotic) regime under o =7.82, 7.825 rad-s™". Its
Poincaré map has the set of separate points, but its Fourier spectrum is board and
continuous one. Its characteristics under  =7.82 rad-s™ are depicted at Fig. 6.

And immediately after this we see the chaotic motion under ® =7.83 rad-s™
(Fig. 7).

We succeeded in finding chaotic regime only under ©=7.83 rad-s’.
Immediately after it the transitional regimes with sets of separate points at
Poincaré¢ maps and with board continuous Fourier spectra exist under @ =7.84,
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7.845, 7.85 rad-s”, and further till ® =7.90 rad's’. They are prechaotic or
postchaotic regimes. The characteristics of such regime under ® =7.845 rad-s™
are depicted at Fig. 8.
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Fig. 5. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for chaotic regime under ® =7.815 rad-s™ (Colour online)

x2 ,m- S-1 ] Abgolute Values of Ca.b Coeficients for a= 1020 30140 50
0,5
0 *® .
Ld
. L
” ]
0,5 P a
-1 T T
-0,02 0,08 0,18 x,,m s

Absoluta Values of Ca b Cosfiients fora= 11121 31 41

0000000000000 00000

Fig. 6. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for transitional (prechaotic) regime under o =7.82 rad-s” (Colour online)
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Fig. 7. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for chaotic regime under » =7.83 rad's™ (Colour online)
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Fig. 8. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for transitional regime under o =7.845 rad-s™ (Colour online)

! the really

Further in narrow frequency range 7.90 rad's” <®w<7.92 rad-s
chaotic motion occurs. It is transient chaos. We have examined it in details in

[4], therefore now we’ll not discuss it.
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We see that all these transitional regimes are similar to one another, they
have: the small largest Lyapunov exponent, the set of separate points or almost
closed curve on Poincaré map, and the board continuous Fourier spectrum. The
characteristics obtained by continuous wavelet transform using also are alike
very much.

We see two high frequencies with strong power and a lot of low frequencies
with very weak power which provide the continuous Fourier spectrum. They
change little in time that provides almost closed curve or a lot of separate points
on Poincaré map.

4. Conclusion

Continuous wavelet transform CWT is very useful for intermittency
recognition and distinguishing the periodic and chaotic regimes. It is
indispensable when recognizing the intermittency. So it is logical to apply it
when studying the transitional modes.

Transitional regimes are similar to one another, they have: the small largest
Lyapunov exponent, the set of separate points or almost closed curve on
Poincaré¢ map, and the board continuous Fourier spectrum. The characteristics
obtained by continuous wavelet transform applying also are alike very much.
The CWT plots confirm that these regimes don’t belong to the kind of quasi-
periodic or chaotic one. They are exactly transitional regimes. The CWT plots
demonstrate the presence of different frequencies in time series and their
distribution in time very clearly. Thus continuous wavelet transform is very
useful in order to understand well what is this or that transitional mode.

REFERENCES

1. Moon F.C. Chaotic vibrations: an introduction for applied scientists and engineers. — New York :
Wiley, 1987.— 219 P.

2. Kuznetsov S.P. Dynamical chaos //Moscow: Fizmatlit.-2006.-356 P. —2001.

3. Schuster H.G. Deterministic Chaos. An Introduction 2nd Revised Edition. — 1988.

4. Bazhenov V.A., Pogorelova O.S. & Posmikova T.G. Invarient Torus break-down in vibroimpact system
—route to crisis?. //Strength of Materials and Theory of Structures. —2018.— V. 100.— P. 3-17.

5. Bazhenov V.A., Pogorelova O.S., Postnikova T.G. & Lukianchenko O.0. Wavelet transform
using for analysis of vibroimpact system chaotic behavior. //Strength of Materials and Theory of
Structures. —2018. — V.101. — P. 14-25.

Cmamms naoditiuna 0o pedakyii 18.03.2019 p.

Bbaoicenos B.A., [loeopenosa O.C., I[locmuikosa T.I'.
MPOMIKHI PEJKMMM ITIJT YAC MEPEXO/Y BIEPOYJIAPHOI CUCTEMM 10 XAOCY
B ocraHHi pokd B HeniHiHHIA JuHAaMiui oco0iiMBa yBara MpHIULIACS BUBYCHHIO XaOTHYHOL
HOBEIIHKM JMHAMIYHHMX CHCTEM Ta CLEHApiiB IXHHOrO MEPexXoxy 10 Xaocy. |HKomM Takuil mepexin
OyBae ckiaagHMM. MU crocTepirany Takuil CKIaAHHH Mepexii A0 Xaocy i 4ac AOCTiIKyBaHHS
KBa3ilepiOANYHOro CLICHApiIo MEepexoay B CHIBHO HEINiHIIHIM Hernmaakii po3puBHIil JBOX MacoBiit
BiOpoymapHiii cucremi 3 aBoMa crymHsMmH BibHOCTI. Ilicns Gidypkauii Heiimapka-Cakepa Garato
PI3HUX PEKHMIB 3aMiHsiii oauH omgHoro. Cepex HHX Oyiv HpPOMiKHI (HEepexifiHi) pexuMu 3
CyNepewINBUMHU XapaKTepHCTHKaMH. MH aHami3yeMo L PEeXKHMHU 3aCTOCOBYIOYH Oe3lepepBHE
BeiiBner neperBoperns CWT. Moro 306paxeHHs MiATBEPIKYIOTh caMe iXHill mepeximguuii Tum Ta
JIal0Th HAOYHY KAPTHHY HAsBHOCTI Y 4ACOBOMY Psijii PI3HMX 4aCTOT Ta iXHBOIO PO3IOiIY B Yaci.
KuarouoBi ciioBa: BiOpoymapHa cucrema, CLEHapHil MEpexXoAy 0 XaocCy, MPOMDKHHUI PexuMm,
BijoOpakenns Ilyankape, criektp Dyp‘e, 6e3riepepBHe BEMBIIET IEPETBOPEHHSI.
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In recent years in nonlinear dynamics particular attention was paid to studying the chaotic
behaviour of dynamical systems and their routes to chaos. Sometimes this route may be intricate. We
watched such intricate route to chaos when studying the quasi-periodic route to chaos in strongly
nonlinear non-smooth discontinuous vibroimpact system that was two-body 2-DOF one. After
Neimark-Sacker bifurcation many different regimes replace each other. There are transitional
regimes with inconsistent characteristics among them. We analyze these regimes with continuous
wavelet transform CWT applying. CWT plots confirm just their transition kind and give clear picture
of different frequencies presence in time series and their distribution in time.
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Bbaocenos B.A., Ilocopenosa O.C., I[locmuixosa T.I. TIpoMizkHi pexxuMu mig dYac mnepexoay
BiOpoyaapHoi cucremu a0 xaocy// Omip MmatepianiB i Teopis crnopya: Hayk.-tex. 30ipH— K.:
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B ocmanni poku 6 Henimitinitl Ounamiyi ocobauea yeaza Npuoilsiacs 6UGUeHHI0 XAOMUYHOI
Nn06eOIHKU OUHAMINHUX CUCIMEM MA CYeHapism iXHbo2o nepexody 0o xaocy. Inkoau makuil nepexio
6ysac ckaadnum. Mu cnocmepicanu makuii cKiadHuil nepexio 00 xaocy nid yac 00CAONCYEaAHMH
K6a3inepioouyHo2o cyeHapilo nepexooy 6 CUIbHO HEeMMIUHIl He2AaOdKil pPO3PUSHIll 080X Maco6il
6iOpoydapuitl cucmemi 3 0soma cmynusmu einbrocmi. Iicas 6igpyprayii Hetimapka-Cakepa 6azamo
PpisHUX pedicumie 3aminsaau o0un 00Hoeo. Ceped nux Oyau npomidcHi (nepexiomi) pedcumu 3
cynepeunusumu xapaxkmepucmukamu. Mu ananizyemo yi pedcumu 3acmocogylouu 6esnepepeie
setignem nepemeopenns CWT. Hozo 306pasicenns niomeepoocyioms came ixniti nepexionuti mun ma
0aioms HAOUHY KapMuHy HAABHOCMI Y 4ACOB0MY PAOI PI3HUX YACMOM MA IXHbO2O PO3NOOINY 6 YACI.
In. 8. Bi6umior. 5 Ha3B.
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