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Abstract. Vibration analysis of a non-linear parametrically and self-excited system of two degrees of freedom
was carried out. The model contains two van der Pol oscillators coupled by a linear spring with a a periodically
changing stiffness of the Mathieu type. By means of a multiple-scales method, the existence and stability of
periodic solutions close to the main parametric resonances have been investigated. Bifurcations of the system
and regions of chaotic solutions have been found. The possibility of the appearance of hyperchaos has also been
discussed and an example of such solution has been shown.
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1. Introduction

Vibrations described by differential equations with self-excited as well as with parametric
excitation terms occur in some dynamic systems [1-5]. Systems with one degree of freedom
have been studied by Tondl [1], Yano [2] and Szabelski and Weakni6, 7]. Such systems

are interesting because they possess two different sources of vibration excitations. Thus, their
characteristic features are a non-linear interaction between parametric and self-excitations and
a synchronisation phenomenon. An entrainment of vibration takes place near the parametric
resonances. In that region, systems vibrate periodically with only a single frequency. Outside
the synchronisation area, almost-periodical vibrations appear, represented by almost periodic
limit cycles on the Poincaré map or Hayashi plane [8]. One-degree-of-freedom systems of
that broad class were found to vibrate chaotically for a wide range of system parameters [4, 5,
9]. Recently, systems with many degrees of freedom have attracted interest within the context
of synchronisation phenomena [3] and chaotic vibrations [10, 13]. Many-degrees-of-freedom
models can describe mechanical and electrical systems [1, 10-14]. One can also find them
describing some mechanisms of vibrations generation in the case of manufacturing processes
[15]. Among other aims, the study of hyperchaotic transitions has also been of interest [12,
13]. Unfortunately, papers [10-13] are only concerned with externally forced systems, so the
results cannot be strictly generalised for parametric ones. In this paper, we examine vibra-
tions of a two-degrees-of-freedom system with parametric and self-excitations. The paper is
organised as follows: after a short introduction (Section 1) we present the physical model
(Section 2). In Section 3 we provide analytic consideration by means of a multiple-scale-
of-time method. Section 4 is devoted to synchronised vibrations near the main parametric
resonances. In Section 5 bifurcations and chaotic vibrations are analysed while in Section 6
the possibility of the appearance of hyperchaos is briefly discussed. We end up with a summary
and conclusions in Section 7.
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Figure 1. Physical model of the parametric self-excited system.

2. Vibrating System Model

Let us consider a parametric self-excited system with two degrees of freedom and non-linear
symmetric characteristics of elasticity. The mathematical model consists of two van der Pol os-
cillators with Duffing terms. They are coupled by a linear spring with a periodically changing
elasticity. Such a type of coupling occurs in descriptions of gear systems dynamics. In the first
approximation, harmonic functions can be used to describe varying-in-time elasticity [16].
Schmidt [17] analysed a self-excitation of gears caused by breaking off the oil film between
the meshing teeth. In our case, van der Pol terms are sources of self-excitation. The physical
model of coupled oscillators is presented in Figure 1. Inserts (a) and (b) show different phases
of gears, which correspond to varying elasticity.

Differential equations of motion in generalised co-ordinates have the following form:

maxy + (—c1 + eax)x) + kyxy + kaxd + (ko — ko COS 2t) (x1 — x2) = 0,

mzx/z’ + (—c1+ szg)xé + kixp + k?,xé3 — (ko — kgCcOS 2vt)(x1 — x2) = 0. (l)

Introducing the non-dimensional time= w,t; wherew, = /k;/m, and dependencies:

w mig c1 c2 k3
V= —; Xo=—-; a1= ;o BL= X5 n= —ZX(Zﬁ

w1 kl niw1 nmiwq miwy

k1 ko ko mi X1 X2

b1 = —=1 f=—73 p=—3 M=— Xi=—; Xo=_—7

miw miw miw;j my Xo Xo
PO SO 2.6 ) CO N D¢

1 — d'[ ’ 1— d‘[z ’ 2 — d'[ ’ 2 — d‘[z )

dimensionless equations of motion can be written as
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X14 (a1 + frXD X1+ 8.X1 + 11 X5 + (82 — nCcos V1) (X1 — Xp) =0,
Xo4 M(—a1 4 p1X) X2+ M1 X+ My X3 — M(85 — ucos ¥t) (X — X2) = 0. (2)

Free vibration frequencies of the linear system are represented by the formula:

1
pi, = 5[(51 +8)(L+ M) F V(61 + 8)(L+ M)2 — 4M51(81 + 287)]. ®3)

Includingey = puds; f1 = upi; v1 = ni and introducing
i =X1+rXo, Yo= X1+ 22X, (4)

we obtain differential equations in quasi-normal coordinateandY>:

—[—@1 4 Br(W1Y2 — WoY1)2(W1Y, — WpY1)
) — MAy[—6q + B1o?(Y1 — Y2)2lo(Y, — Y
T " 1l Oll-i-ﬂl(ﬂs(l~ 2)](/;(1 2)3
+ 71 (V1Yo — WoY1)° — 1AM @>(Y1 — Y>)
+ cos Bt (Yoe, — Y180)(1 — A M)
—[—@1 4 B1(W1Y2 — WoY1)2(W1Y, — WpY1)
) — Mio[—a1 + Brp?(Y1 — Y2) 2o (Y, — Y
Vot p2s = 1 " o[—ay ,31903(1~ 2)]</J§1 2)3 (5)
— y1(W1Y2 — VoY1) — y1do Mp°(Y1 — Y>)
4+ cos Bt (Yoe, — Y180)(1 — Ao M)

In the transformation of coordinates, the following notation is introduced:

_ S+ 8- p? )\_314—82—17%' _ 1
l_SZ—M’ 2_82—M’ (P—m,
Al A2
1//1=m; %:m; e1=V1+¢; e=¥+0.

For u = 0, the system of equations is decoupled into two independent differential equations.
Generally, different types of resonance can appear in a system with many degrees of freedom
[18] and harmonic resonances, as well as internal and combination ones, can be taken into
account. For the internal resonance, the free frequencies must satisfy the condition

N
Z”ipi=o2 i=212...,5; s=<N,
i=1

wheren; is the integer numbery the number of degrees of freedosm natural number, and
pi the free frequency of the system. In the case of two degrees of freedom, the above condition
reads:

nip1+nyps = 0.

If a parametric excitation frequenay is close to one of free frequencies, a solution needs
both quasi-normal coordinates to be considered simultaneously.
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On the other hand, the condition for a combination resonance existence can be written as
nd =Y }_; n;p;, wheren denotes a natural number. In the case of a two-degrees-of-freedom
system, a combination resonance can often be met in a region between two natural frequencies.

3. Analytical Examinations

The examinations of parametric and self-excited systems were carried out by applying various
approximate analytical methods [1, 3]. We anticipate a periodic solution of Equation (5) using
the multiple-scale-of-time method [14]. For analytical calculationgs used as a small para-
meter. In a real mechanical system, the modulation of stiffpdsgather small in comparison

with its average valué,. We define different time scaleg = u"t,n = 0,1,2, .... In the

case of the main parametric resonance close to the first frequency of the free vibrations, we
can write

92 = p% + uoy. (6)
Solutions of the system in Equations (5) are anticipated in form

Yi(t; w) = Yio(To, T1) + u¥11(To, T1) + - - -,

Yo(t; ) = u¥Yor(To, Ty) +---. (7

Time derivatives are expressed by the formulae:

d o?
— =D Di+--+, —=D%+2uDoD1+---,
a7 o+ ubD1+ dr2 o +2uDoD1 +
whereD!" = 9™ /0T,". Applying expressions (7) and (6) to Equation (5), we obtain

D(2]Y10 +92Y10=0 (8)

DgY11+9%Y11 = —2DoD1Y10+ &1(MA1p — W2) DoYio
— P1Y{o(¥3 — M1ag®) DoY1o
+ 01Y10 — €2Y10(1 — A1 M) COS B T + (W3 — MgV, (9)
The solution of Equation (8) may be presented in the form
Y10(To, T1) = A(T1) exp(id Tp) + A(Tl) exp(—ivTp). (10)
Putting (10) into (9), we get
D(2] Y10+ 910

= |: — 209 D1A 4 (01 + a1(MA19 — Wy)id) A
3 3y 3 3 24 1 1 A .
+ (B1(W5 — MA9?)iv — 3y1(V; — MA197))A%A — 5¢2 1- EMM A | expid To)

+ [—%sz(l — MDA+ (7 +ipd) (W — Mmﬁ)fﬁ] exp(3iv To) + C.C. (11)
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The condition for the elimination of secular terms leads to the relation:
=219 D1A 4+ (o1 4+ ar1(Mhp — Wo)i)A

+ (B1(¥3 — Mag®)iv — 3p1(W5 — Mar1p?)) A%A

1 1 -

The functionA is expressed by the formula

A= %a(r) expli®(1)]. (13)

After substituting (13) into (12) and separating the real and imaginary parts, we find

. a(Mag — V) Br(WE — Mrip®) o
a= a—+ a
2 8
o1 (W3 — Mrg®) 5 &
——a— 2 (1 — Mhq)a cog2d). 14
25 ¢ ™ a +40( 1)a cog2P) (14)

A solution in a first-order approximation has the form:

€2 .
— (A - MXxy)asin(2®
+4l9( 1)a sin(2P),

ad =

Y1(t) =acoqvt + D) +---. (15)

For the stationary state= 0; & = 0, we obtain the following system of algebraic non-linear
equations:

(Mg — ¥ B (W3 — Mg .
i 13 2)+’81(28 1‘”)a2+j—;(1—M,\1)sm(2c1>):0,

o1 (V3 — Mred®) , e
e — (1 — Mxq1)co92d) = 0. 16
25 8o a +419( 1) COS2D) (16)

Using (6) and (16), we obtain an equation for determining the amplitude of a periodic solution:
1 ~
g (Maag® = U7 (Miag® — ¥3) + fio%) a*
+ a1l M2 20" + Mg Wap (1 + W) — W319%a°
1 1 2
+ [—5 + MAq (1 — EMZ,\E)} 3+ ;(192 — p3)?

) 37
+ 262 (MAgp — Wp)292 + %[(Mmﬁ — W3 (pZ— 0] =0. (17)

Equation (17) can have triviak(= 0) and non-trivial § # 0) solutions. By puttingt = 0
into (17) we obtain;

4p? 1
94+ o2 [(Mw — Wp)? — %] 92— Znfes(1— Mr)*+ pi =0
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and bifurcation points
Vo= (18)

2
15 2 4pf 4 2 4pf 2.2 2 4
o | MArp —V2)e — — [F |af | (MA1p — W2)° — — | +pce5(l— MAip)c—4p7|.
2 Mz MZ

Parameterg , define the points of curve(}) which lie on# axis @(#) = 0). These points
can appear when the following condition is satisfied:

g2(1 — Mxy)
2p1(MA1p — W)
In the case of resonance with respect to the second frequency of free vibrations, we can write

92 = p% + noz (20)
and we anticipate the solution of Equations (5) in the following form:

Yi(t;w) = pnYu(lo, ) +---,

Yo(t; w) = Yoo(To, T1) + uY21(To, T1) + - - - (21)

Applying a similar procedure, as in the previous case (6-14), we obtain two differential
equations of the first order:

. (19)

|oa|(~

—y(Mhop — W B1(WE — Maog® .
4= = 2” D, _ P 5 297 45 _ 48—;(1— Mz)a sin2®),
. 02 3 (V3 — Mip®) 5 e
d=-—— — —(1— Mhx3)acog2d). 22
a 554 T ™ @ = 45 ( 2)a COS(2P) (22)
A solution in a first-order approximation has the form:
Yo(t) =acoqvt + D) +---. (23)

The stationary state is described by the dependence:
1 -
5 (Mhop® — W97 (MAzg® — ) + Bf91a*
+ a1B1— M1 30" + M W193(1 4 W2) — wi92a?
1 1 2
+ [—5 + My (1 - §M2A§>:| g2 + ;(ﬁz — p2)?
- 3y
+ 262(Mhap — W1)202 + %[(szgﬁ —U(pi-vHl =0. (24)

Bifurcation points of trivial and non-trivial solutions can be obtained from the formula:
912 = (25)

2
1 2 2 41’% 4 2 417% 2.2 2 4
s |—af | Mizp — V1) — — | F |y | (MA12p — W1)* — — | +ucei(1— MA2)c — 4p5
2 Mz Mz
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and then:

e1(1— Mxp)
2p2(Mhop — W) |

o[ (~ (26)

The stability of periodic solutions will be carried out using approximate differential equations
of the first order (14) and (22) in a shortened form:

a= fia,®); &= fola, d). (27)

For such equations, the characteristic determinant of the variational system has the following
form:

af af;
(5),-» (),

af; af;
(3),  (%),-»

Index ‘0’ denotes partial derivatives in the equilibrium point. The stability of the approximate
solution depends on the roots of the characteristic equation (28), which are determined by

1
pL2 = 5( —q1F 9% —4q2). (29)

where, for the main parametric resonance with respect to the frequwency

= 0. (28)

:I_~ 3. 3 3, 2 1 &2 .
g1 = Eal[qu — Mhip]l+ 5,31(1‘/”190 —Wy)a® + 2 5(1 — Mhq) sin 20,

1. ¢ 3. a .
g2 = [— 12 (Wp — MA1g) + 1—6/31825(1‘4)»1(03 - ‘Ijg)} (1= Mhy)Sin20

4 "y
P (W2 — Migp®) - (1— Miy)cos2b — — & (1— Map)?sir20  (30)
83/182192 2 19 1 8 92 1
and for the main parametric resonance with respect to the frequency
1 3. 1
g1 = —s@l¥1 — Mizg] = ZPi(Mizp® = Wia? = 5 Z(L— Miz)sin 20,

= | ——a1— (V1 — MA - — — (M 4 - (1 — MMxy)sin 20

q2 [ 2015 (Y, 2¢) 16,3181 3 (MX2p D ( 2)
3 0L (U3 — Ming®) - (1— Mip)cos2b + = at (1— Miy)?sir?20. (31)
83/181192 1 2¢ 2 g 92 2 .

The stability condition will be satisfied when all characteristic equation roots of the first-order

approximation system have negative real terms.

4. Regular Vibrations

The example calculations were carried out by using derived analytical dependencies and
numerical simulations. For numerical examinations, we have used the ‘Dynamics’ package
[19] as well as our Fortran procedures. Calculations were done for different sets of system
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Figure 2. Main parametric resonance around the first (a) and second (b) frequencies of the system-free vibrations;
—o—o— stable focus; A—A— unstable saddle.

parameters taken from the most interesting intervals of physical systems [1, 2]. Sample results
of calculations were obtained for the following parameters:

a1 =001 =005 =01 u=02 M=05 & =10 & =0.3. (32)

Transformation from the generalised (Equations (2)) to quasi-normal coordinates (Equa-
tions (5)) demands, bearing in mind the relationships given in Section 2, determining the
free vibrations frequencieg;, p, of a linear system and values of the coefficientsa,, ¢,

Wy, Uy, g1, &2. These values are

pr = 0.766 pr=1168 i1 =4.754 rp=—0.421
¢ = 0193 W; =0919 W,=-00813 & =1112 & =0112

For the accepted values of the set of system parameters, the resonance curve around the first
(p1) and the secondpt) of free vibration frequencies were plotted in Figures 2a and 2b,
respectively. The figures present amplitudes of vibrations in quasi-normal coordinates. The
solid line means the stable periodic solution and the dashed one means the unstable solution.
The stability type was checked according to the characteristic equation roots (29). We obtained
two types of stability: stable focus marked by a circle (complex roots with a negative real
part) and unstable saddle point marked by a triangle (two real roots, one negative and one
positive). We also calculated the bifurcation points of both trivial and non-trivial solutions.
For p1 we obtained?; = 0.756 andy; = 0.776 from (18), satisfying the condition (19)

a1 = 0.05 < 0.186, and forp, from (25)9; = 1.109 and¥; = 1.224 with the condition (26)

@y = 0.05 < 179875, respectively.

In Figure 3, we present the numerical results as a bifurcation diagram for the analysed sys-
tem parameters (32X, was plotted in a stroboscopic way with an excitation frequency. Here
one can see two regions of the discussed main parametric resonandes: f¢0.78; 0.85]
andvy e [1.15; 1.40], respectively. It is also possible to observe a combination resonance in
the middle of these two regions. There is also an additional resonance for very low frequency
% ~ 0.6, which, however, was not analysed analytically in this paper. On the other hand,
for a symmetric system (parameters are chosen as in (32)/bst 1.0 andé, = 1.0) we
found that condition (18) for the first frequency of free vibratipn = 1.0, is not fulfilled.

Thus, instead of two regions of main resonance, only one region appuadl.73 is present.
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Figure 3. Bifurcation diagranversusy for the system parameters (32).
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Figure 4. Bifurcation diagranmversusy parameter for a symmetric systet (= 1.0, 5o = 1.0).

Figure 4 shows a bifurcation diagram for these parameters. In the figure, only one region for
9 € [1.7, 1.9] with synchronised vibration is visible. Note that in the generalised coordinates,
the synchronisation is not clearly manifested (Figure 3) as it usually is observed in one-degree-
of-freedom systems [4, 6-9]. In Figures 5a-5d, we present time histories for the system
parameters (32) and = 0.80 both for quasi-normal (Figures 5a, 5b) and for generalised
(Figures 5c¢, 5d) coordinates.

The solution expressed in quasi-normal coordinates allows us to analyse the complex
system as two independent systems with one degree of freedom. It is a general feature of
a multi-degrees-of-freedom system with small non-linearities. In the case of a two-degrees-
of-freedom system, the vibrations are often characterised by two frequencies and they are
decoupled in quasi-normal coordinates, assuming a gn@drameter. The small modulations
of a vibration amplitude visible in Figures 5a and 5b are due to the non-linearities of the con-
sidered system. In the case of a symmetric system (Figure 4), there is only one characteristic
frequency,p, = 1.73, and the vibrations are of single frequency for both quasi-normal and
generalised coordinates.
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Figure 5. Vibration time histories in quasi-normal (a, b) and generalised (c, d) coordinates grpdiratjuency
for 9 = 0.80.

5. Bifurcations and Chaotic Vibrations

We have transformed two second-order differential equations (Equation (2)) into a system of
four first-order differential equations and have simulated them numerically. Using the same
system parameters as (32), but with larger excitation amplitude

a1 =001 =005 =01 & =10 8=03 n=08 M=05 (33)

we have calculated the maximal Lyapunov exponerftve do not consider the additional
nodal exponent which always appears in a non-autonomic system) in the region of excitation
frequency? e [0.5, 2.5]. The exponent has been calculated six times for different initial
conditions and plottedersus? in Figure 6. The picture shows that three regions of positive
values of the Lyapunov exponent are present aratrid 0.56, 0.95 and in an intervah e
[1.38, 1.51]. These regions correspond to the chaotic behaviour of the system. Apart from
that, the majority of solutions are associated witk 0.00 (Figure 6).

Such a value of the Lyapunov exponent is usually connected with a quasi-periodic solution
or a bifurcation point. For relatively small values of excitation frequeficyg [0.5, 0.6] and
9 € [0.8, 1.0] (and some singular points arouid= 1.5), we see a definite negative value of
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Figure 6. Lyapunov exponentersusy parameter.

A. This corresponds to the regular solution synchronised with parametric excitation. In many
regions, we found a number of possible values. givhere for the same system parameters

but different initial conditions, solutions of such different types as periodic, quasi-periodic
and chaotic, can coexist. For clarity, we have analysed the evolution of attractors by means
of a Poincaré map. Figure 7 presents the Poincaré maps for the same set of parameters as in
Figure 6 (33) and some chosen valuestoln Figure 7a ¢ = 0.56), we show one strange
chaotic attractor (denoted by 3) and two other regular solutions synchronised with excitation
(denoted by 2 and 3), each represented by three singular points. For the larger valaedof

(Figure 7b), we observe one quasi-periodic attractor (denoted by 1) and two regular periodic
attractors (denoted by 2, 3). Figure 7t £ 98) shows again one chaotic (denoted by 1) and
two regular periodic attractors (denoted by 2, 3). #e& 1.1 (Figure 7d), we have found only

one quasi-periodic attractor with a close curve on the Poincaré mag. £at.4 (Figure 7e),

a quasi-periodic motion transits to a chaotic one which is represented by a strange attractor
and, later, this large strange attractor splits into two chaotic motions (denoted by 2 and 3 in
Figure 7f) with an additional quasi-periodic attractor in the middle of Figure 7f (denoted by
1). In Figure 7g ¢ = 1.7), one can see that a quasi-periodic solution is still present in the
middle of the picture (denoted by 1) but two others have changed into other quasi-periodic
solutions (denoted by 2 and 3).

Using this analysis for larger value of, we obtained one quasi-periodic attractor of a
different topology represented by a singular closed curve (Figure 7h). However, for larger
excitation frequencie® = 1.9 and¢ = 2.5, we note that the quasi-periodic attractors
(Figures 7i and 7j) resemble a structure similar to the quasi-periodic one (denoted by 1)
in Figure 7g. For each of the cases examined, we have calculated all non-trivial Lyapunov
exponents and expressed them in Table 1. Analysing the table, one can see that some of the
quasi-periodic solutions have only one nodal Lyapunov, exponent while the others have even
two nodal values. Attractors with a closed curve on Poincaré maps (Figures 7d, 7g (2, 3),
7h) have only one nodal Lyapunov exponent but attractors represented by torus structures
on Poincaré maps (Figures 7b (1), 7f(1), g(1), i, j) are characterised by two nodal Lyapunov
exponents (Table 1). The change of attractor topology with changicgn be interpreted as
Hopf bifurcation [20].

Figure 8 presents a bifurcation diagramXf against? for the examined system. For each
value of#, the calculations were repeated six times for different sets of initial conditions. One
can easily recognise the synchronised periodic motions of the system represented by singular
lines in the diagram. However, it is rather difficult to distinguish quasi-periodic solutions from
chaotic ones. This is because they are similarly represented in the figure by black regions. This
bifurcation diagram is much richer that the former for smaller value of the excitation amplitude
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Figure 7. Poincaé maps for various values &f. (a) ¥ = 0.56; (b) 9 = 0.70; (c)® = 0.98; (d)® = 1.10;
(e)® = 1.40; (f) 9 = 1.50.

u = 0.2 (Figure 3). For comparison, we have done the numerical calculations for a much
larger excitation amplitudg. In Figure 9, the maximal Lyapunov exponent was plottetsus

9 for the system parameters assumed to be like (33) byt for10.0. For most of the frequen-
cies®, the Lyapunov exponent is negative. Nevertheless, we have observed three clear regions
of negative values of. around? = 0.58 and¢ = 0.92 and the interval* € [1.39, 1.55].
Interestingly, they closely correspond to three similar regions of chaotic solutions obtained
for a smaller value of excitation amplitudg, = 0.8 (Figure 6). For B < ¢ < 2.5, the
Lyapunov exponent is negative and smaller thahO (beyond the range of the diagram in
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Figure 7. Continued. (g)y = 1.70; (h)® = 1.80; (i) 9 = 1.90; (j) ¥ = 2.50.
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Figure 8. Bifurcation diagranversuss. System parameters as in Figure 6.

Figure 9). Note the scale in Figure 9 is different from that in Figure 6. The main difference
between these two diagrams is that the positive value of the Lyapunov exponent is much larger
(three times larger) for = 10.0 than foru = 0.8 (Figure 6 and Table 1). The large range

of Lyapunov exponent fluctuations visible in Figure 9 is obviously connected with the large
value of the parametric excitation amplitugde Figure 10 shows examples of Poincaré maps

for a number of excitation frequencies. Starting fréma= 0.98, we find two periodic atractors
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Figure 9. Maximal Lyapunov exponentersusy. System parameters as in Figure 6 put 10.

Table 1. Lyapunov exponents for various parameters.

s Attractor type A vy A3 Ag
(see in Figures 7a-7))

0.56 Chaotic —No. 1 0.037 -0.004 -0.019 -0.094
0.56 Periodic—No. 2,3 -0.044 -0.045 -0.073 -0.073
0.70  Quasi-periodic — No. 1 0.000 0.000 -0.003 -0.009
0.70  Periodic—No. 2,3 -0.005 -0.005 -0.124 -0.124
0.98 Chaotic—No. 1 0.012 -0.001 -0.066 -0.124
0.98 Periodic—No. 2,3 -0.050 -0.051 -0.057 -0.059
1.10 Quasi-periodic 0.000 -0.075 -0.075 -0.170
1.40 Chaotic 0.049 0.000 -0.138 -0.260
1.50 Quasi-periodic — No. 1 0.000 0.000 -0.002 -0.007
1.50 Chaotic—No. 2,3 0.013 0.001 -0.120 -0.322
1.70 Quasi-periodic — No. 1 0.000 0.000 -0.002 -0.007
1.70 Quasi-periodic—No.2,3  0.000 -0.018 -0.266 —0.266
1.80 Quasi-periodic 0.000 -0.002 -0.003 -0.003
1.90 Quasi-periodic 0.000 0.000 -0.002 -0.007
2,50 Quasi-periodic 0.000 0.000 -0.003 -0.007

with a single frequency (denoted by 1 and 2 in Figure 10a).:Fet 1.4 andy = 1.5, we

have found chaotic motions of the system, represented by strange attractors in Figures 10b
and 10c. It is interesting to note that the strange attractor visible in Figure 10b is split into
two separate strange attractors (denoted 1 and 2 and obtained for different initial conditions).
Figure 10d presents again two periodic solutions with a single frequency. All four non-trivial
Lyapunov exponents calculated for the considered ca$es-(0.98, 1.40, 1.50, 1.70) are

given in Table 2. Figure 11 shows a bifurcation diagram plotted against excitation frequency
for © = 10. We can easily recognise the regions of periodic and chaotic motions, which
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Figure 10. Poincaé maps for various values &f (a) 9 = 0.98; (b)® = 0.1.40; (c)® = 1.50; (d)¢ = 1.70.

Table 2. Lyapunov exponents for variods parameters.

g Attractor type A1 A2 A3

(see Figures 10a—d)
0.98 Periodic—No.1,2 -0.603 -0.883 -1.143 -1.596
1.40 Chaotic 0.179 -0.422 -0.617 -1.746
1.50 Chaotic 0.141 -0.509 -0.623 -1.524
1.70 Periodic -0.991 -0.912 -0.913 -2.444

coincide with the regions of positive Lyapunov exponents (Figure 9). This also confirms the
results obtained by means of a Poincaré map (Figure 10).

6. Transition to Hyperchaos

It is well known that chaotic vibration of coupled oscillators can be realised in differ-
ent ways depending on the analysed system parameters [10-13]. A hyperchaotic solution,
defined as one which posseses more that one positive Lyapunov exponent, can appear [12,
13] particularly for multi-degrees-of-freedom systems. In this section we present possibility
of hyperchaos in our model with two coupled van der Pol oscillators and with parametric
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Figure 12. Poincaé maps for? = 2.6 and various: (&) u = 6.2; (b) u = 7.0; (c) u = 10.0; (d) u = 14.0.

excitation. Poincaré maps for chosen system parameiers; 0.1, 8; = 0.05,y; = 3.0,
8 = —05,8, = —0.3, M = 05,9 = 2.6 and various values of the excitation amplitude
uw=16.2,7.0,10.0, 14.0 are presented in Figures 12a, 12b, 12c and 12d, respectively.

Figure 12a presents the periodic solution with three characteristic points on a Poincaré
map. They correspond to a solution with a triple period of oscillation. We checked that,
for larger values ofu, the solution evaluates through Hopf bifurcation to a chaotic solution
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Table 3. Lyapunov exponents for variys parameters.

7 Attractor type A1 A2 A3 A4
(see in Figures 12a-12d)

6.2  Periodic -0.022 -0.022 -0.031 -0.031
7.0 Hyperchaotic 0.432 0.120 -0.183 -0.494
10.0 Hyperchaotic 0.536 0.181 -0.261 -0.633
14.0 Periodic -0.106 -0.108 -0.130 -0.131

(Figures 12b and 12c). For a large enough valug,ahe system solution transits back to a
periodic vibration with a single frequency represented by one point on the Poincaré map.

After consideration of the chaotic solution nature (Figures 12b and 12c) it appeared that
two of the Lyaponov exponents were positive (Table 3). In such cases, the system manifests
hyperchaotic vibration. Examples of the time histories for different types of vibrations are
presented in Figures 13a—13d. Figure 13a shows the results for a chaotic solution (the system
parameters as in Figure 7e).

In Figures 13b and 13c, the time histories of quasi-periodic solutions are shown with para-
meters corresponding to Figures 7h and 7j, respectively. Figure 13d presents the time history
of hyperchaotic motion with two positive Lyapunov exponents (see Table 2). The parameters
are chosen as in Figure 10c.

The difference between chaotic (Figure 13a) and quasi-periodic solutions (Figures 13b
and 13c) is significant. Moreover, one can also notice the different characters of chaotic
(Figure 13a) and hyperchaotic (Figure 13d) vibrations. In the case of hyperchaotic vibrations,
the system seems to move differently in the sequences of time intervals. The time histories
for two different quasi-periodic solutions with one (Figure 13b) or two (Figure 13c) nodal
Lyapunov exponents are very similar to each other.

7. Summary and Conclusions

In this paper we have investigated the complex system of coupled non-linear oscillators ex-
cited parametrically. As usual, the interaction between self-excited and parametric excitation
leads to a number of interesting results like entrainment of frequency and synchronisation
phenomena. We have demonstrated that in our system for some sets of parameters, one of the
main parametric resonances close to the free vibration frequency can be forbidden. Analyt-
ical methods enabled us to examine the system for small values of gagameter. Other
interesting phenomena, like transition to chaos and hyperchaos, were detected numerically
for larger values of this parameter where analytical methods are not applicable. We have
examined bifurcations by means of Poincaré maps and Lyapunov exponents and found that
Hopf bifurcations play a major role in this system. Different types of motion were obtained:
periodic, quasi-periodic first type (closed curve on the Poincaré map), quasi-periodic second
type (torus on the Poincaré map), chaotic and hyperchaotic. Transition from chaotic to hy-
perchaotic motion is possible in the system for larger values of the parametric excitation
amplitude which, however, do not correspond to any real mechanical system. The transition
from a regular to hyperchaotic solution for generalised van der Pol equations was earlier ex-
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Figure 13. Vibration time histories in generalised coordinates for: (a) chadtie= 1.40; (b) quasi-periodic
¥ = 1.80; (c) quasi-periodi® = 2.50; (d) hyperchaoti®s = 2.60.

amined by Kapitaniak and Steeb [13]. In their treatment, the model was different. It possessed
no linear spring term and was subjected to an external excitation instead of a parametric one. In
spite of this, the results concerning hyperchaotic vibrations we obtained are similar to theirs.

The mechanism of the transition to hyperchaos in our case is still under consideration and the
results will be published separately. This paper is a continuation of papers [4, 5], where the

authors carried out a detailed analysis of a parametrically excited van der Pol oscillator with

one degree of freedom for both regular and chaotic solutions.
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