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Abstract

Quasi-periodic (QP) solutions of a weakly damped non-linear QP Mathieu equation are investigated near a double
primary parametric resonance. A double multiple scales method is applied to reduce the original QP oscillator to an
autonomous system performing two successive reduction. The problem for approximating QP solutions of the original
system is then transformed to the study of stationary regimes of the induced autonomous system. Explicit analytical
approximations to QP oscillations are obtained and comparisons to numerical integration of the original QP oscillator
are provided. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

In this paper, we investigate analytical ap-
proximations of quasi-periodic (QP) solutions to
a weakly damped non-linear QP Mathieu equa-
tion having incommensurate frequencies in the
form

X+ot+(w? +h cos(Qt)+p cos(vt ) )x+Ex =0,
(1)

where damping o, non-linear component &, excita-
tion amplitudes / and p and frequency v are small.
The quantities @ and 2 are the proper and para-
metric frequencies. An overdot denotes differenti-
ation with respect to time ¢. Eq. (1) can serve as a
one-mode model to mechanical systems submitted
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to two simultaneous additional parametric modula-
tions having incommensurate frequencies.

Yagazaki and co-workers [1] analyzed the dy-
namics of an oscillator subjected to parametric
and external excitations in a incommensurate case
and with a weakly cubic non-linear component.
The Van der Pol transformation was applied to
obtain a linear approximation of periodic solution
of the averaged system. In a recent work, Belhaq
and Houssni [2] developed a strategy for con-
structing an explicit asymptotic expansion of QP
solutions to an oscillator with cubic and quadratic
non-linearities, subjected to parametric and exter-
nal excitations having incommensurate frequen-
cies. The method consists of reducing the original
QP system to the so-called second autonomous
reduced system (RS) performing two successive
averaging.

Zounes and Rand [3] studied the linear case
(¢ =0) of Eq. (1) and analyzed the stability chart
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using different methods aiming on the numerical
integration, the harmonic balance, a standard per-
turbation technique and the Lyapunov exponent.
Comparison of these various methods was reported
and a very good agreement was obtained. A variant
of Eq. (1) was considered by Gumowski [4], in
which the QP effect was introduced by modulating
the amplitude of the parametric excitation to the
standard Mathieu equation. The generalized aver-
aging technique [5] was performed in a Cartesian
formulation to reduce the QP Mathieu equation
into a differential system with periodic coefficients.
The question concerning the approximations of pe-
riodic solutions of the reduced system was pointed
out but not considered. Other papers have focused
on the transition curves for QP systems. Schweitzer
[6] studied conditions for the stability or instability
of solutions to linear QP system. Weidenhammer
[7,8] applied a perturbation method to linear and
non-linear QP Mathieu equations and determined
analytic expression for transition curves.

Here, we focus attention on the construction of
explicit approximate analytical solutions of Eq.
(1) applying the multiple scales twice to carry
out a double reduction leading to a second au-
tonomous RS. Note that in [2], we have com-
bined the multiple scales with the Bogolioubov—
Mitropolsky method [5] to perform the double
reduction. Comparison was carried out only to
validate the approximation obtained for the first
RS. The main purpose here is to examine the va-
lidity of the approximate QP solutions comparing
with a direct numerical integration of the original
equation (1).

We will restrict ourselves to the study of QP so-
lutions near a double primary parametric resonance,
namely the generating resonance 1 : 2 and the satel-
lite [5] resonance 1: 2.

The paper is organised as follows. In Section 2,
we apply the multiple scales to obtain a first RS
system having periodic terms. Analysis of stability
and determination of response curves of the periodic
solutions of the RS are reported. In Section 3, we
derive the second autonomous RS by applying again
the multiple scales to the first RS. Explicit analytical
approximations of QP solutions are obtained and
compared to numerical integration. We conclude in
Section 4.

2. First reduced system

Following [1,2], we introduce two small param-
eters ¢ and y, such that 0 < e<u<1 and let: o =
pé, G =g, p=ep, h=uh, h==eh, Q=eQ and
E=¢ f The introduction of the two small parame-
ters ¢ and u in Eq. (1) allows one to carry out two
successive reductions. Thus, it can be written as

¥ + w*x = —&(p cos(vt)x)

— 2 (uox + ,uii cos(eQt)x + &%), (2)

which contains two times, a ‘fast’ time ¢ and a
‘slow’ time T = &t, which are assumed to be inde-
pendent.

Using the multiple scales technique [9,10], an
approximation of QP solutions to Eq. (2) is sought
in the form

x(t) =xo(To, T1, T2) + ex1(To, T, T7)
+&x(To, T1, To) + -+ (3)

where T, = ¢"T. In terms of the variable 7, the
time derivative becomes d/d¢ = eD; + &Dy + - -,
where D, =0/0T,. Substituting Eq. (3) into (2) and
equating coefficients of like powers of ¢, one obtains
the following systems:

Dixo + 0’xo =0, (4)
D%)ﬂ + CL)ZX1 = —2D¢Dx¢ — ﬁCOS(DTo)Xo, (5)

D%XZ + 602X2 = —2DOD1.X'1 — 2DOD2X0 — D%XO
— aDgxo — p cos(vTy)x;
— hcos(QT )xo — éx;. (6)

The general solution of (4) can be expressed in the
form

xo(To, Th, o) = A(T}, T ) exp(iwTy) + cc, (7)

where cc denotes the complex conjugate of the pre-
ceding terms and 4 is to be determined by the
elimination of secular terms from the next-order
equations. Substituting Eq. (7) into (5) we obtain

Dix; + w*x; = —2iwD, A€ — i(wto)To

1pAe

— 194 4 ce. (8)
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Fig. 1. Bifurcation curves of quasi-periodic solutions in the (p,v) plane for w = 1.1.

We will restrict our analysis to QP motions in the
vicinity of the primary resonance one-half (v =~
2w). Introducing the detuning parameter ¢ accord-
ing to v = 2w + &0, substituting into Eq. (8) and
eliminating the secular terms, we find

Did = ﬁ jaein, )

where the overbar indicates the complex conjugate.
The solution of Eq. (8) is then written as

p i(w+0)Ty
202w + v)A(Tl’ L)e Hee.
(10)

Substituting Egs. (7) and (10) into Eq. (6) and elim-
inating the secular terms, one obtains

xi(To, T, T»)=

—2iwDyA — D?A — iwdd — hA cos(QT))

- A
—3§A2A—p24v(2 (11)

o)

Elimination of secular terms up to second order is
given by
d4

5 = Dod+eDid + &2D,A. (11a)

Letting A = Jae’’ where a and f are real func-
tions, substituting into Eq. (11a), separating real and
imaginary parts, we obtain the first reduced modu-
lation equations of amplitude and phase system in
the polar form

da 1

. ) .
T —pyda— o (2 — %) pasin(2y),

dy v-2w 1 (Z—L

i~ 2 Y 4o 2w)p“°°S(2”

I, 3.3 1 2
2P ¢ Swia 8wv(2w+v)pa
1 -~
— ,u@ha cos(QTy), (12)

where y = 10T} — p.
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The periodic solutions of this system (12) cor-
respond to the QP solutions of (1) near the gener-
ating resonance 1:2. Here u which appears in sys-
tem (12) is considered as a perturbation parame-
ter.

The stationary non-trivial solutions (ay # 0) of
the unperturbed (¢ = 0) equations of (12), corre-
sponding to da/d¢ = dy/dt = 0, are given by

R +(0,—0)R- 010, =0, (13)
where
8w
aézﬁR,
1 1
_ 2
Qr="-» (32w3 + 8wu(2w+u)>
n 4w — v n v—2w
P Rar 2
and
1 1
_ 2
Q=p <3zw3 * Bov2o + v))
n 4w — v B v—2w
P Ra? 2

Eq. (13) gives a real solution when the following
conditions are satisfied

4 >0,

Ql > 0, Q2 < 0. (14)

The quantity 4 = (Q, + Q1)? is the discriminant
of Eq. (13). In Fig. 1, we show the corresponding
regions in the parameter space delimited by tran-
sition curves for the parameter values w = 1.1. In
the hatched regions, there exist two centers and one
saddle denoted, respectively, by Cy, the trivial cen-
ter, and C, and S, the cycles of order 2. In the
unhatched region only one center exists.

3. Second reduced system and quasi-periodic
solutions

To derive the second reduced RS and determine
an explicit approximation of QP solutions to the
original equation (1), we construct an expansion
of the periodic solutions of (12) close to a station-
ary solution of the unperturbed system of (12), C,.

In [1], a linear approach was proposed to approxi-
mate periodic solutions to a first RS system for an-
other type of oscillator. Here we follow the strat-
egy proposed in [2] to obtain relevant non-linear
approximate solutions. To appreciate how accurate
is the non-linear approach, we refer to Ref. [2] in
which comparisons to the linear approach and to
numerical integration are given, for a different type
of equation.

To apply the multiple scales method to Eq. (12),
we introduce the variable change u=a cos(y), v=—a
sin(y) to transform system (12) to the equivalent
Cartesian form

du & 3,,
E— MEM_FQIU %(u +U )U
h
— e cos(Q2t)v,
dv & 3.,
a = H§U+Q2u+ %(u +D )T/l
h
+u% cos(£2t)u. (15)

A second-order uniform approximate periodic so-
lution of system (15), in the vicinity of a stationary
regime is sought in the form

u(t; 1) =uo + puy (To, v, To)
+ WPur(To, T, To) + - -+

v(t; w) = vo + pvi(To, Ty, T2)
+ @2os(To, T1, o) + -+ - (16)

where T, = ¢t and (uy, vo) denote the co-ordinates
of the fixed point C, of the unperturbed system
of (12). Substituting Egs. (16) into system (15)
and equating coefficients of same powers of y, one
obtains up to third-order the following systems:

Diuy + Qluy = —gS_lvo + %S“uo cos(Qt)

2
—i-in sin(€2¢) (17)
20 0 5
vy =S8 [ Dou +§u +£v cos(€2t) (18)
1= oty + 5o + 5"V )
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D(z)uz + Q%uz
= —DoDyu; — S71D11)1

o 3
- (2 + %(uovl + Uom)) Dyu,

h 3
— (260 COS(Qt) + %(uoul + 31)01)1)) Dyvy

ho 3
+ <2wQsm(Qt) ES )vl

3¢

+ %571(314014% + 21)01/111)1 + MQU%)
+ iNS_1 cos(Qt)u (19)
20 1>

a 3
vy =8 | Douz + Dyuy + sup + i(zuoulvl
2 8w

+3vov7) + %Ul cos(Qt)) (20)
and
D3u3 + Q%u3
:D%ul —287'Dyv, — 257Dy,

. 3
+ (O( + %(uovl + Uou1)> D1u1

h 3¢
+ <(U COS(QT()) + %(uoul + 31)01)1)) Div;

) ~2
o h )
+ <4 - Twz COoS (.QT())) up

+ ;—Z) cos(QTy)v; + IR, cos(QTy)u,

g hQ
+ <2R2 + o s1n(QT0)> %)

+ Ryujup + Ravius + Rsuyv;
a

R
—+ RgU1 07 + (2

R7 + ]’;Rg COS(QT@)) [Z3R %1

+ (;Rg + ERIO cos(QTo)) vf

+ (;Rll + ];Rlz COS(.QT())) u%

—|—R13u11ﬁ —I—R14u%. (21)

Here

Q)= |:<Ql + %(“(2) + 3”(2)))

12
(Qz + g—i(vé + 3u%)>}

is the proper frequency of system (15) and the quan-
tities S and R; for i =1, 2,...,14 are given in the
appendix.

We consider the “satellite” resonance 1 : 2 and
we introduce the new detuning parametric o; ac-
cording to Q = 2Q; + ¢, and set ¢; = u?6; and
QTy =21, + 611>

Thus, solution of Eq. (17) may be expressed in
the following complex form:

up = A\(Ty, T)e 4T + h(F; — iF3)e?h
a

+§F 1+ cc, (22)
where A, is the slowly varying complex amplitude
determined from the higher order expansion. Sub-
stituting Eq. (22) into (18), one obtains
v1 =iGod (1, T2)e' "™ + h(G5(F; + iF3)

+Gy)e' T 4 %Gl + cc. (23)

Substitution of Egs. (22) and (23) into Eq. (19) and
elimination of the secular terms lead to

DA, = 7‘(15l —iEy) 4 hA\(E5 +1E4)e " 2. (24)

The expressions of E;, F; and G; are given in the
appendix. The solution of Eq. (19) is then given by

Uy = %(Ml + iM, )e T + hz(M3 + iMy)e T
+ EAI(Ms + iM6)ei(QI+Q)TO
‘ &
+ AF(M; + iMg)e? T + M

2 ) -
+h (Mo +iMyy) + Mi24,4, + cc. (25)
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Substituting Eq. (25) into (20) yields

vy = (SDlAl +A1%(N1 + lNz)) e

7(N3 —|—1N4)elQTo + 42 2(Ns —|—1N6)62‘QIT0

+ h~ (N7 + iNg )CZiQTO
+ h~A_11(N9 + 1N )el@ 2T
+ h~A1(N11 + iNpp e h

~2

- ~2 .
+ %NB + Nuisd141 + h (Nis + iNig) + ce.
(26)

With the help of Egs. (22) and (23), the elimination
of the secular terms from (21) gives

. ~2 .
DyA, = 3*A,(Es + iEg) + h A)(E; + iEs)

+ A A(Ey+iEr0) + 3hAy(Eyy +iE1p )™ ™,
(27)

Here M; and N; for i = 1,2,...,12, and E; for i =
5,6,...,12, are given in the appendix. Egs. (24) and
(27) can be combined to describe the modulation of
the complex amplitude to third-order with respect
to the original time. Indeed, substituting these equa-
tions into expression 4, = uD Ay + 1PDrAy + - -+,
yields

oA,

A= = (B - iEy) + hA | (E3 + iE4)e T

+ o A\(Es +iEq) + h* A, (E; + iEyg)

+ ,uzA%/I] (E9+iE10)+OCh/L (E1 +iEIZ)eiO:1 T
(28)

Letting 4, = —as ¢!’ where a,; and S are real, sub-
stituting (27) into Eq. (28), separating real and
imaginary parts, we obtain the second reduced mod-
ulated autonomous RS

1 day,  aay hay .
AT TEI + (E3 cos(2ys) — E4sin(2yy))
062 2 1 3
+ 7Esas + ?E7as + §E9uas

oh .
+ 70s(E11 cos(2y,) — E1p sin(2yy)),

4 dy,  ay ok,
2 a @
az 2 1 ;
+ 7E6as + ?Egas + gEl(),uaS

h .
+ %as(Ell sin(2y;) + E12 cos(2ys)),

71‘ - ﬂsa (29)

where Eg, = 2Fy and Ewu=n 2E 0.

Hence, the problem of investigating periodic so-
lutions of Eq. (15) is transformed to the study of the
stationary solutions of this second RS (29) given
by setting

da, dys
s =0 and i

Finally, the approximation up to second order
of the periodic solutions of system (12) takes
the form

Qt
u(t) =ug + ag cos 5 Vs

=0.

1 2h(F cos(Qt) + Fi sin(Qt)) + %Fl

~+ ah(M cos(Qt) — M, sin(Qt))

+ 213 (M3 cos(2Qt) — My sin(2Qt))

+ hay (M5 cos (;Qt — ys)

— Mg sin(;Qt — ys>)

2

+ %S(M7 cos(Qr — 27,) — My sin(Qt — 27,))

o? a?
+ ZMg + 2R* Mo + ZSMlz, (30)

. [ Q
v(t)=v9 — a,G; sm(zt — ys)

—|—2h((G3F3 + G4)COS(Qt) — G3F), sin(Qt))
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o AY 1 A
+§G1 + 7a5E1 cos(th—ys> - N, sm(zgt—ys))

oS . (1 .
+ 7aSEz sin §Qt — Vs + ath(N3 cos(Qt) — Ny sin(£2¢))

1 2

+ hSasE5 cos (291 + ys> + %(Ns cos(Qt — 2y,) — Ne sin(2t — 2yy))
— hSayE, sin <;Qt + ys> +2h*(N; cos(2Qt) — Ny sin(2Qt))
+ocas N, cos lgt,a + hag [ Ny cos th+y

D) 1 2 Vs s 2 s

1.00 —

u
1.00 \ T 1 T \
0.00 100.00 200.00 300.00 400.00 500.00
(a) t
0.92 —
0.88 —
v N
0o.84 —
o.80 T T T T 1
-0.20 -0.10 0.00 0.10 0.20
(b) u

Fig. 2. (a,b) Comparison between numerical and analytical solutions of the reduced system (17) near C; in the (u,v) and (#,u)
plane, respectively, for #=0.01, 2 =0.181, « =0.001, p =0.08, ® = 1.1, £ =0.5 and v =2.415 (++++) numerical simulation,
(—) analytical solution of this work.
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Fig. 3. (a,b) Comparison between numerical and analytical solutions of the reduced system (17) near C, in the (u,v) and (¢, u)
plane, respectively, for #=0.117, 2 =0.175, « =0.001, p =0.08, o =1.1, £ =0.5 and v =2.415. (++++) numerical simulation,

(—) analytical solution of this work.

. (1
— Ny sm<29t + ys>>
3
+has N]] COS EQt — Vs
— Nj; sin éQt—
12 3 Vs

o a?
+ZN13+ZSN14+2}12N15- (31)

Combining Egs. (7), (10), and (30), (31), we
obtain an explicit second-order approximation of

QP solutions of Eq. (1)

x(t) = u(t)cos(vzt) - U(f)Sin<v2[) + m

X (u(t)cos(320t> — v(t)sin<32m>> , (32)

where u(¢) and v(¢) are given by Egs. (30) and (31).

In Figs. 2 and 3, we report the time history of u
and the (u, v) phase portrait for different parameter
values of 2. Comparisons between the analytical
approximation of periodic solutions, Egs. (30) and
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Fig. 4. (a,b) Analytical and numerical solutions of the original system (1) near C, in the (#,x) plane for 2 =0.117, Q@ =0.175,

o=0.001, p=0.08, ®=1.1, £=0.5 and v =2.415.
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Fig. 5. (a,b) Comparison between numerical and analytical solutions of the original system (1) near C, in the (¢,x) plane for
h=0.117, 2=0.175, =0.001, p=0.08, o =1.1, £ =0.5 and v=2.415. (++++) numerical simulation, (—) analytical solution

of this work.

(31), and the direct numerical integration of the
first RS system (15) are shown. It can be seen in
these figures that the effect of the frequency Q on
the solution is substantial for increasing values of
the amplitude 4.

In Figs. 4 and 5, we report in time history plane a
comparison between the analytical QP solution, Eq.
(32), of the original system (1) and the direct nu-
merical integration of the original system (1) using
a Runge—Kutta method. Fig. 4a presents numerical
integration and Fig. 4b corresponds to the analytical
approach. A direct comparison of the two results is
given in Fig. 5.

Finally, in Figs. 6 and 7, we report the same
comparison of solutions but for a different value
of Q.

4. Conclusion

A double multiple scales method for approximat-
ing analytical QP solutions to a weakly damped

non-linear QP Mathieu oscillator near the double
primary parametric resonance was performed. The
first multiple scales method is performed to reduce
the original QP equation to an amplitude-phase
system having periodic components. The second
multiple scales method is used to seek approxi-
mate periodic solutions of the latter system cor-
responding to the QP oscillations of the original
one. A very good agreement is obtained between
the analytical approximate QP solution of the orig-
inal equation and its direct numerical integration
from both qualitative and quantitative point of
view. The concordance of the results is obtained
for both the amplitude and the phase of the QP
oscillations.

The double reduction procedure presented in
the present work has the advantage to realise
non-linear approximation of QP solutions. It pro-
vides an efficient analytical tool to investigate
such solutions for weakly damped non-linear QP
oscillators.
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Fig. 6. (a,b) Analytical and numerical solutions of the original system (1) near C, in the (#,X) plane for 2 =0.117, 2 =0.175,
o =0.001, p=0.08, ®=1.1, £=0.5 and v =2.415.
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Fig. 7. (a,b) Comparison between numerical and analytical solutions of the original system (1) near C, in the (¢,x) plane for
h=0.117, 2=0.175, =0.001, p=0.08, o =1.1, ¢ =0.5 and v=2.415. (++++) numerical simulation, (—) analytical solution
of this work.
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3¢ !
= (Qz— m(3u5+3vé)) , P _ KiG +K3G1G2 +F1G2Ks
5 e -Ql Ql 291 ’
F= (Ql Uo) o FK,  KsG
SO To N
é ) [
F2 = Ql 5 F3 = =
12w92 ( 600 FiKy  KG
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_ b L
L= 20 2K1(G3F5 4+ Gy) + 4COF1K2

+2K3G1(G3Fs 4 Gy) + 2F  F>Ky + F2G K

+ F1K5(G3F3 + Gy),

Q
L, = —2K\F>G5 — ﬁGl +2F,G,G5K;

—2K4FF5 — F3G1Ks + F1F,G3K,

Ugp .Q] 1
“Toar T 30 G3F2+TK2F2

+ K3(G3(F3 — F}) + G3 + 2G5 F;3Gy)

+ K4(F3 — F3) + Ks(F,F3Gs

+ F,Gy + F>F3Gs),

1 1
Ly= _%QI(G3F3 +Gy) — @Fus

+ K3(2F,F3G3 + 2F,G3 Gy — 2K4F, Fs

+Ks5(G3F3 — F5(G3F5 + Gi))),

1 1
=—0Q + —
Ls 2w 16> 4(»K2

+Ks5(G3F3 + Gs) + GoF3Ks,

— 2F2G2G3K3 + 2K4F2

Lo =2K:Gy(G5F3 + Ga) — 2K4Fs + F,G3Ks

+F,GKs,

Ly =Ks— K;G3, Ly =KsG,,

Ly = uy — 2G,K, + K3G} + FiKy + G F|Ks,
U 1 1

L= —os — —Q,G3F, + —FK,

10 8w? 2w 163 2+4co a2

+2K3(G3(F3 + F3) + Gi + 2G5F3Gy)
+2K4(F5 + F3)

+ Ks(FoF3Gs + FyGy — 2 F3G3),
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