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Abstract: Stability and bifurcation behaviors of an axially moving beam subjected to two frequency
excitations were investigated both analytically and numerically. Simultaneous principal parametric
resonance as well as combination parametric resonance with 3:1 internal resonance was considered.
The critical points are classified into the following categories: a double zero accompanied by two
negative eigenvalues, a simple zero coexisting with a pair of pure imaginary eigenvalues, and two
pairs of pure imaginary eigenvalues in the non-resonant case. Based on the normal form theory,
the stability regions of the initial equilibrium point were studied and the explicit expressions of
the critical bifurcation curves for the occurrence of static bifurcation and Hopf bifurcation were
obtained. The critical line from which a two-dimensional torus can arise was also discussed. Moreover,
numerical simulations were given, which exhibit strong concordance with the analytical predictions.
The analytical results obtained here contribute to a better comprehension of the dynamical behaviors
of the system and may be helpful to researchers attempting to design the system parameters of related
engineering structures.
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1. Introduction

Axially moving systems are commonly observed in many engineering applications such as paper
sheets, textile fibers, robot arms, magnetic tapes, conveyor belts, band saw blades, and aerial cable
tramways. These components can be modeled as axially moving strings, beams, and plates [1-3].
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One important problem in axially moving mechanical systems is the abrupt occurrence of instability.
Consequently, it is essential to investigate the stability characteristics and bifurcation behaviors in
axially moving dynamical systems for the design of the system parameters.

Extensive research has been conducted on the nonlinear dynamical behaviors of beams. As an
example of early studies, stability and bifurcation phenomenon of a shallow curved beam were
discussed by Oz and Pakdemirli [4], in which the multiple scales method was employed and
two-to-one internal resonance conditions between arbitrary pairs of vibration modes were studied.
Applying the differential transform method, Ozgumus and Kaya [5, 6] conducted a comprehensive
vibration analysis of both the doubly tapered Euler-Bernoulli beam and rotating tapered Timoshenko
beam. Recently, a sufficient condition for exponential stability was established by Apalara et al. [7],
depending on the equality of wave velocities within the system. In addition, the stability and vibration
behaviors of axially moving beams have also been investigated by some researchers. Sze et al. [8]
formulated the incremental harmonic balance method to analyze the nonlinear vibration of an axially
moving beam with internal resonance between the first two transverse modes. Employing the
Galerkin method, Yang and Chen [9] investigated the bifurcation phenomena and chaotic behaviors of
an axially accelerating viscoelastic beam constituted by the Kelvin-Voigt model. The nonlinear
dynamical behaviors were systematically studied through numerical analysis employing the Poincare
map, the phase portrait, and computation of the largest Lyapunov exponent. An and Su [10] utilized
the generalized integral transform technique to investigate the dynamic response of clamped axially
moving beams. Comparative analysis of the vibration displacement at multiple longitudinal positions
along the beam revealed excellent convergence behaviors. Later, Rajasekaran [11] adopted the
differential transformation-based dynamic stiffness method to analyze the buckling and vibration
behaviors of axially functionally graded tapered Euler and Timoshenko beams with different
boundary conditions. Zhang et al. [12] used the Fourier expansion-based differential quadrature
method to investigate the transverse nonlinear vibrations of an axially accelerating viscoelastic beam.
Yan et al. [13] applied the Galerkin method to investigate the steady-state periodic response and the
bifurcation and chaos of an axially accelerating viscoelastic Timoshenko beam with parametric
excitation. Tang et al. [14] investigated the nonlinear steady-state oscillating response, stability, and
bifurcation behaviors of a simply supported moving beam. The method of multiple scales was
directly used to derive the solvability conditions, and the coupled effects of viscoelastic and viscous
damping parameters on the dynamical behaviors were analyzed in detail. Recently, the stability and
nonlinear vibration characteristics of axially moving beams have also been considered in a series of
papers [15-18].

2. Related work

In [19], Sahoo et al. analyzed the nonlinear transverse vibration of an axially moving beam
subjected to two frequency excitations by means of the multiple scales method. The frequency
response plots and amplitude curves were obtained and the stability and bifurcation phenomenon
were evaluated using a continuation algorithm. Numerical results were presented to show the complex
nonlinear phenomena of the axially moving beam. However, the local dynamical behaviors of this
system have not been studied analytically. In addition, there exist only few studies concerned with the
stability and bifurcation of axially moving beams. In order to effectively suppress or eliminate large
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nonlinear vibrations of axially moving beams, it is imperative to advance the theoretical analysis on
axially moving beam models, analyze the complex dynamical behaviors, explore the stability regions
of the initial equilibrium point, investigate the bifurcation curves for the occurrence of static
bifurcation and Hopf bifurcation, and conduct comprehensive research on the impact of key system
parameters, so as to ensure the stability and controllability of the axially moving beams. The present
work is therefore motivated to examine stability and bifurcation behaviors of the axially moving beam
considered by Sahoo et al. [19]. In this paper, both analytical and numerical methods are employed to
investigate the stability and bifurcation behaviors of the axially moving beam. Simultaneous principal
parametric resonance as well as combination parametric resonance with 3:1 internal resonance is
considered. According to the types of the degenerated equilibrium points, three different situations
will be discussed and analyzed in detail. The normal forms of the differential equations are obtained
by using the symbolic computation language Maple. The approach combines the normal form theory
and center manifold theory into one step to achieve the closed-form expressions. Stability conditions
for the steady state solutions and transition curves are also derived by using the normal form theory
and the stability and bifurcation theory. Furthermore, numerical solutions are presented, which
confirm the analytical predictions.

This paper is divided as follows: In Section 3, the equations of motion for an axially moving
beam subjected to two frequency excitations are given, and the stability conditions for the steady state
solutions are established explicitly. A detailed study of the dynamical behaviors of the system is carried
out in Section 4. Conclusions are drawn in Section 5.

3. Formulations of the problem

This paper is concerned with the nonlinear dynamical behaviors of a uniform horizontal beam
traveling with a harmonically varying velocity. The model is illustrated in Figure 1 [19].
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Figure 1. An axially traveling beam with variable velocity.

The nonlinear integro-partial differential equation of the beam is provided as follows [19]:

EI@“W* BT oPw* . o*w* oy o*w* . o ow’* . 0w o*w* N ow*
m v % - c
ox+ oxar -\ ar? oxor " or ox  ox2) Pox2 T “or
EA®w* [ (ow*)
= — dx”, 3.1
2L ax*2f0 (ax*) * G-1)
and the associated boundary conditions are
. o*w* o*w*
0,17 =w'(L,t") = 0,1") = Lt)=0. 32
wi(0,7") = w(L,1") axﬂ( ) 6x*2( ) (3.2)

See [19] for the explanation of all system parameters.
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3.1. Assumptions and parameters

The time dependent velocity is supposed in the following form:
V' =vy(1 + 1 sin Q¢ + 15 sin Q3¢%), (3.3)

where v, vin, (n = 1,2) and Q; (n = 1,2) stand for the mean velocity, the amplitudes, and the
frequencies of the harmonically varying velocity components, respectively.
The following are the non-dimensional transformations of the variables and parameters:

x* P P w* v IE*
X=—,1= , W= , V= , @ = ——————
L PAL? L \/P/pA 2el3 \JpAP

L EFA El AL?
H= v = A v =y o Q=00 P (3.4)
2 \pAP P PL P

and the equation of motion of the beam in non-dimensional form is obtained as [19]

1 1
WA 200 + o’ + (V= Dw’ + viw"" + 2eaw”” + 2euw = EVZZW” f w'2dx 3.5)
0

with the associated boundary conditions
w(0,7) =w(l,1) =w”(0,1) =w"(1,1) = 0, (3.6)

where v, and v; mean the non-dimensional flexural stiffness and the non-dimensional longitudinal
stiffness of the beam. ¢ and « represent coefficients of the non-dimensional viscous (external) damping
and the non-dimensional material (internal) damping, respectively.

In order to derive the governing equations of motion, the following assumptions of the parameters
and variables are introduced: (1) von, = ev,(n = 1,2); (2) for the case of a small amplitude of
motion, w = vew”, where & < 1; (3) simultaneous principal parametric resonance of the first mode
(Q; = 2w;) and combination parametric resonance of the first two modes (€2, ~ w; + w,) with 3:1
internal resonance (w, =~ 3w) are considered. It is supposed that the responses in higher modes die
down owing to the presence of damping and the Coriolis term in the equation of motion. Therefore, the
first two modes will result in the long term system response. In this case, the relations are: Q; ~ 2wy,
Q) ~ wy + wy, and w, ~ 3w;.

3.2. Method of analysis

Based on the aforementioned assumptions, the axial speed is obtained as
Vv = Vg + vy sin Qi + &v, sin Qo1 (3.7)

Removing the superscript “#” for convenience leads to the weakly nonlinear equation as [19]

1 1
WA 200 + oW’ + (V= Dw” + v?w"” + 2eaw”"” + 2euw = Egvlzw” f wdx. (3.8)
0
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Putting Eq (3.7) into Eq (3.8), the equation of motion can be obtained as follows:
W+ 2(vg + €vy Sin Qf + v, sin Qo)W + (ev1 Qg cos Qi1 + eV, Q5 cos QoHw’ + [(vg + evy sin Q¢

2. 1

+evy sinr)? — 1w + Vw4 2eaw”” + 2euw = %svlzw" f(; 1 wdx, 3.9)
and the boundary conditions are
w(0,1) = w(l,1) = w”(0,1) = w"(1,£) = 0. (3.10)
Applying the multiple scales method, the following expression can be obtained:
w(x, t,e) = wo(x, Ty, Ty) + ew(x, To, T1) + -+, (3.11)

where Ty = ¢, T| = et. Denoting the differential operators as

Dy = aiTo and D = aiTl
leads to the following expression:
0 2
E:D0+8D1+-~-,@:D3+28D0D1+-~. (3.12)

Substituting Eqs (3.11) and (3.12) into Egs (3.9) and (3.10), the following equations can be obtained:
Diwo + 2voDowyy + (v — Dw)) + vfcwg" =0,

wo(0, 1) = wo(1,7) = wi(0,1) = wy(1,1) =0, (3.13)

D(z)wl + 2voDow] + (vg - w! + vfcw;"’ = —2DyDwq — 2aDow("”

— 2uDowo — 2voDywy — 2(vy Sin Q1 + v sin Qut) Dowyy, — (v1€2) cos Q¢

1 1
+ 1205 cos Qot)wy — 2vo(vy sin Qi + v, sin QH)wy + Evlzw’o’ f w{)zdx,
0
wi(0,1) = wi(1,1) = wi(0,1) = w{(1,1) = 0. (3.14)
The solution of Eq (3.13) can be written as
wo(x, To, T1) = ) @u(X)A(T1)e ™ + cc, (3.15)

n=1

where ¢, means the complex mode shapes, w, denotes the natural frequencies, and cc is the complex
conjugate.
In addition, Eq (3.15) can be replaced with

wo(x, To, T1) = Ai(T1)p1(x)e™ 0 + Ay(T)a(x)e" ™. (3.16)
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The frequency detuning parameters oy, 0, and o3 are introduced with the following relations:
Wy = 3w + &0, Q) = 2w + €02, Oy = W + Wy + E03. (3.17)

Substituting Eqgs (3.14) and (3.15) into Eq (3.9), two complex variable modulation equations are
obtained as follows [19]:

2A; + 851AA| + 85,A1A24, + 8g1A2A2 T + 2uC A, + 2ae A,

+ 2K1A1€i0—2T1 + 2K2A2€i(0—1_0—2)T1 + 2K8A2€i0—3T1 =0, (3183)
2A2 + 8S4A%A2 + 8S3A1A2A1 + 8g2A?€_iO—IT1 + 2/1C2A2
+2aerAs + 2K3A,1€" 77 £ 2KoA 7T = 0, (3.18b)

where the dot denotes the differentiation with respect to 74, and s;, g;, K;, C;, and e; are nonlinear
interaction coeflicients. The over bar signifies a complex conjugate.
Employing the Cartesian transformation for A, (n = 1,2), we have

1 . 1 .
AT = E[xl(Tl) —ixy(T))]e™ ™, Ax(T)) = §[x3(T1) — ixy(Ty)]le™™, (3.19)

where x; (T1) (i = 1,2,3,4) are real functions of 7. 4; = 0.50, and 1, = 1.50, — o7;. Substituting
Eq (3.19) into Eq (3.18) leads to the following modulation equations [19]:

X1 = (U1 — a)x; + (=B1 + @2)x2 + (koo — kso)xs + (—kay + kgi)xs + N, (3.20a)
Xy = (B + ap)x; + (U + @))xy + (kay + kg1)x3 + (—kap + kga)xs + NP, (3.20b)
X3 = (—k3p — kop)x; + (=k3y + ko )xy + tox3 — Boxy + N3, (3.20¢)
Xy = (ka1 + ko1 )x1 + (—ksa + kop)xa + Boxs + poxs + Nf;, (3.20d)

where
w1 = —puCig — aeig, tp = —uCorr — aeqg, B = 0.503 + uCy; + aeyy,

Br =150, — o1 + uCy + aey, a1 = Kig, an = K.

Ciz, Ci1, eir, €i1, Kig, Ky are the real and imaginary parts of C;, e¢;, and K; presented in the Appendix.
All the other coefficients and the nonlinear functions N fli (i = 1,2,3,4) are also summarized in the
Appendix.

The Jacobian matrix of Eq (3.20) at the initial equilibrium solutions (E.S.) x;, =0 (@ = 1,2,3,4) is
as follows:

M1 —Qq —B1 + az —ky —kgy  —ky1 + kg
Bi+as M1+ koy + kg1 —kao + ks
J , 3.21
—k3y — ko —ks1 + ko H2 —B2 ( )
k3 + koy  —ks + kop B> M2
from which the characteristic polynomial can be obtained:
fQ) = 2+ 5,2 + b,A% + b3A + by, (3.22)

where
by = =2uy — 2,
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b, = hz(ﬂl s M2, 1, Olz,ﬁl ,ﬁz, ki, koo, k31, k3o, kgi, ko, ko, k92),
by = h3(/11,/12, a, Clz,ﬁl,ﬁz, ko1, ko, k31, kao, ks, ksa, kot , Kop),
by = ha(uy, po, a1, @2, B, B, kot koo, k3y, ksp, ki, ksa, ko, koo), (3.23)

and h;(uy, 1o, @y, @z, B, B2, kot koo, k31, k3o, ki, ksos kot, ko) (i = 2,3,4) are complicated functions
provided in the Appendix.

According to the Hurwitz criterion, the stability conditions for x; = 0 (i = 1, 2, 3, 4) can be obtained
as follows

by >0, byby — by >0, by >0, b3(byby — b3) — b’by > 0. (3.24)

If the conditions in Eq (3.24) are violated, the equilibrium solutions may become unstable and then
lead to the occurrence of bifurcation. A detailed discussion of codimension-two bifurcations will be
carried out in the following section.

4. Stability and bifurcation analysis

In [19], Sahoo et al. analyzed the nonlinear transverse vibration of an axially moving beam using
the continuation algorithm. For different control parameters u, @, vy, v», 071, and 0,, numerical results
were presented to show the complex nonlinear phenomena of the axially moving beam, and the stability
and bifurcation of the equilibrium solution were simultaneously evaluated. However, the stability
and bifurcation behaviors of the steady state solutions have not been studied analytically. This study
is therefore motivated to investigate the local dynamical behaviors of the axially moving beam both
analytically and numerically. The stability regions of the initial equilibrium point and the explicit
expressions of the critical bifurcation curves will be discussed in the following analysis.

As we know, damping has a significant influence on dynamical behaviors of the system, so this
section mainly focuses on the stability and bifurcation analysis of the two important parameters g
and u,, which can be expressed in terms of u, @, Cig, and e;z (i = 1,2). It can be divided into three
parts based on the type of degenerate equilibrium points, and the eigenvalues of the characteristic
polynomial (3.22) include the following three cases:

Case (1) 4; = 4, =0, 43 = —1, A4, = =3, which means that b; = 4, b, = 3, and bs = b, = 0.
Case (2) A =0, /12’3 = +2i, 14, = =2, and bl =2, b2 =4, b3 =38, b4 =0.
Case (3) A, = + V3i, 134 = +V5i,and b, = 8, b; = b3 = 0, by = 15.

4.1. The case of a double zero and two negative eigenvalues

For case (1), the system parameters can be determined by Eq (3.23) as
M ==2,u,=0,a, = %, a=4,6) = %,ﬁz =koy =k = ka1 = kg = ksy = kop = 1, kg; = 2,
kor = 2, ag = apy = apz = aos = dos = dos = 1, bo1 = boa = boz = bos = bos = bos = 1.

Choosing u; and u, as the perturbation parameters, and letting y; = =2 + ¢y, 42 = ¢, Eq (3.22)
becomes
F) = 2* + 512 + byA® + b3d + by, 4.1)
where

by = -2¢1 - 2¢, +4,
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by = ¢t + 4616, + 65 — 4g) — 8¢, + 3,
by = 2616, — 26165 + 8616y + 45 + 8¢) — l4¢y,
by = 6167 — 46165 + 67 — 106167 + 1265, (4.2)

The stability conditions for x; =0 (i = 1,2, 3,4) are
Al = B] >0, Ay = 5152 - 53 >0, A3 = 1_73 (Bll_?z - 53) - 5%54 >0, Ay = 1_74 >0, 4.3)
ie.,

-2¢1—-2¢,+4 >0,

- 267 — 8676y — 861655 — 265 + 1267 + 326157 + 1665 — 30g) — 246, + 12 > 0,
4gfg2 + 16g‘1‘g§ + 245‘?93 + 16gf§§ + 4g1g; - 405‘?5‘2 - 1285‘?;% - 144g%g§

- 645165 — 8¢, — 2061 + 152676, + 4086765 + 2806153 + 44s) + 11267 — 320676,
- 560g15; — 128, — 25667 + 484615 + 19265 + 965, — 1686, > 0,

s1s5 — 46165 + 61 — 10616 + 1265 > 0. (4.4)
According to Eq (4.4), the following four transition curves are obtained as shown in Figure 2.

Li: —2¢-2¢+4=0,

Ly: - 26— 8¢i6: — 86165 — 265 + 1267 + 32615, + 1663 — 30g) — 246, + 12 = 0,

Ls 1 46762 + 166163 + 24753 + 166765 + 46165 — 406752 — 1286753 — 144663 - 646153 — 853
— 2067 + 152676, + 4086755 + 28063 + 445 + 11267 — 320676, — 5605155 — 12863
— 25667 + 484516, + 19265 + 966, — 1685, = 0,

Ly:6is; — 46165 + 61— 106165 + 1265 = 0, (4.5)

6 -4 -2 0 2 4 6

Figure 2. Transition curves for 4, = 1, =0, A3 = -1, 44 = -3.
It is obvious that the E.S. is stable when the parameters ¢; and ¢, are located in region I shown
in Figure 2. Possible bifurcations may occur from the stable solution x; = 0 (i = 1,2, 3,4) when the

parameters ¢; and ¢, are chosen from region II.
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Employing the fourth-order Runge-Kutta method, numerical results have been obtained on the
basis of the Eq (3.20). Choosing the parameter values (g, ¢») = (0.1, —0.5) from region I, a numerical
solution starting from an initial point (xi, x, x3,x4) = (0.03,-0.02,-0.05,0.02) asymptotically
converges to the region of the origin, shown in Figure 3, and it is proved that the E.S. is stable. See
Figure 3 for the phase trajectories on the x; — x, and x3 — x4 subspaces. If the values of ¢; and ¢, are
determined from the region II, the E.S. becomes unstable.

-0.03
-0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04

X X3

(a) (b)

Figure 3. The trajectory starting from (xy, x;, x3, x4) = (0.03, —0.02, -0.05, 0.02) converges
to the E.S. for (¢1,52) = (0.1,-0.5). (a) The phase portrait on plane (xi, x,); (b) the phase
portrait on plane (x3, x4).

4.2. The case of a simple zero and a pair of pure imaginary eigenvalues

In case (2), the parameter values are selected as

Mmi=-Lu=0,0,=0,a0=1,8,=0,8, =2,k = %, kg1 = %,kzz = k31 = k3p = kgp = koy =
kor = 0, ap1 = apy = apz = aps = aos = age = 1, bor = boy = boz = bos = bos = bps = 1.

Choosing u; and p, as the perturbation parameters, letting ¢, = —1 + ¢y, (o = §», and applying the
state variable transformation

- 1 3 -
] |13 4 i a
2111 -7 1 2 (4.6)
X3 23
" 05 -1 0 Z
| 0 1 5 0 |
onto Eq (3.20) yield
3 3 11 11
Z1=6121 + (Zgl - 15‘2)22 + (—Zgl + ZS‘z)Zs +Nf, (4.7a)
L =2+0n+Nf, (4.7b)
=20+ + Nf;, (4.7¢)
1 1
4= 274 + (Zgl - ZS‘z) 22+ (=261 + 262)z3 + §1z4 + Nf24, (4.7d)
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where the nonlinear functions Nf; (i = 1,2, 3,4) are listed in the Appendix. Evaluating on the solution
z; = 0 at the critical point ;. = ¢». = 0, the Jacobian matrix of Eq (4.7) can be achieved as

0O 0 0 O
0O 0 2 O

‘](ZiZO) = 0 =2 0 0 (48)
0O 0 0 -2

Note that the local dynamical behaviors of the system in the vicinity of the critical point are related
to the critical variables z;, zp, and z3. According to Eq (4.7), the research in [20] are applied to
determine the normal form of system (4.7) as follows:

. 1365
y= y(§1 —4' - ¢ rz)
4.9
N 7, 9347 49)
F=r -y - —
27 T 56 )
and
11 12701
0=2—-—y" — ——r. 4.1
7 s (410
Letting y = 7 = 0 in Eq (4.9) yields the following steady state solutions.
The initial equilibrium solution (E.S.):
y=r=0. (4.11)
The static bifurcation solution (S.B.):
)’2 = lS‘ 1
4>" (4.12)
r=0.
The Hopf bifurcation solution (H.B. with frequency w):
y=0
, 256 (4.13)
" 9347°?

The secondary Hopf bifurcation or the secondary static bifurcation solution (2nd H.B. or 2nd S.B.

with frequency w;):
= 719 : 2105‘
T 58160 7277
, 56 128 .14

= 9451 " 9451°?
Note that the characters of Eqs (4.11)—(4.14) can be verified based on the Jacobian matrix of (4.9),

given by

r

12y 1365 1365
_ 1
J= 5 16 28()}1 et (4.15)
2 527 756 4y

Evaluating (4.15) on (4.11) reveals that the stability of the E.S. can be rigorously established under
the following conditions:
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¢1<0 and ¢ <O0. (4.16)

The region obtained by Eq (4.16) is exhibited in Figure 4, which illustrates the stability boundaries for
the E.S., which are

Ls: ¢1=0 (s2<0), (4.17)
where the S.B. solution given by Eq (4.12) bifurcates from the E.S. (4.11). The other critical line is
Le: =0 (51 <0), (4.18)

along which the H.B. solution (4.13) naturally emerges.

6
Lo
4r H.B. stable ond 58]
LS
2r . . /
Hopf bifurcation
) 2nd H.B. stable -
[ERR— t --------------- -7 ~ 2nd H.B.
s - P
2 _-
P S.B. stable”
Stable region for E.S. Pt v
-
4 I;f'*" _ -~ ~ - /‘
5 P -
— — _ e
-6 - Lt
6 4 2 0 2 4 6

Figure 4. Transition curves for 4; = 0, 4,5 = +2i, 4, = 2.

To determine the stability conditions for (4.12), the Jacobian matrix (4.15) on the S.B.
solution (4.12) is evaluated as

—25‘1 0
Jsp. = 7 , (4.19)
> 0 o+ 1—65‘ 1
which means that the S.B. solution maintains its stability if
¢1>0 and 16¢, +7¢; <O0. (4.20)

The stability boundaries decided by conditions (4.20) comprise both the critical line Ls and an
additional critical line

L;: 165‘2 +7¢1 = 0 (¢1 > 0) (421)

It is confirmed that the stability criterion for the S.B. solution (4.12) is strictly satisfied within the
domain enclosed between Ls and L; (see Figure 4).
Similarly, the Jacobian matrix (4.15) on Eq (4.13) is calculated to yield

1680

Jus. = s17 719 52 ,
0 -2¢,

(4.22)

AIMS Mathematics Volume 10, Issue 6, 13409-13431



13420

which implies the stability of the H.B. solution when the following conditions hold:
7196, — 1680, <0 and ¢, >0, (4.23)

and the frequency of (4.13) is expressed as

977
=2—-—c. 4.24
Wi 952 (4.24)
Consequently, the stability region of the H.B. solution is bounded between two critical boundaries: the

critical line L and an additional critical line characterized by
Lg: 719¢; — 16806, =0 (g2 > 0). (4.25)

It is noted that the critical boundary L; is intersected with the change of the parameter values, and
the S.B. solution given by Eq (4.12) loses stability and undergoes a bifurcation, giving rise to a family
of limit cycles known as the 2nd H.B. solution (4.14). It is further demonstrated that the H.B. solution
presented in (4.13) becomes unstable when crossing the critical boundary Lg, from which another
family of limit cycles identified as the 2nd S.B. solution (4.14) emerges. The frequency of the 2nd
H.B./2nd S.B. solution is determined as

3687 89

= 4.
5816°" T 7272 (4.26)

(1)2:2—

To analyze the stability of (4.14), the Jacobian matrix (4.15) on Eq (4.14) is computed to derive

1365
-8y — yr
J2ndH.B. = 7 9347 5 . (4-27)
=yr ———r
2 128

The stability conditions for (4.14) are determined by analyzing the trace and determinant of (4.27)
given as follows:

9347 , 16537 961

_ Q2 _

Tr = -8y 178 r 11632§1 + 7275‘2 <0, (4.28)
9451 ,, 1

Det = Ty r-= %(719g] - 1680§2)(16§2 + 75‘1) > 0. (429)

Obviously, the fulfillment of condition (4.29) becomes inherently guaranteed whenever the 2nd
H.B. solution exists. Setting the determinant equal to zero results in L; and Lg that demarcate the
parameter region for the existence of the 2nd H.B. solutions. Letting the trace equal zero, an additional
critical line is established as

Ly : —16537¢, + 15376¢, = 0. (4.30)

Theoretical analysis suggests the potential emergence of a two-dimensional (2-D) torus through
secondary bifurcation. However, our investigation reveals that the critical line Ly (with slope 1.076)
lies strictly above Lg (slope 0.428). Consequently, the 2nd H.B. solutions cannot undergo a
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bifurcation into a two-dimensional torus. Therefore, the existence of a 2nd H.B. solution ensures its
stability. The corresponding critical bifurcation lines are depicted in Figure 4.

Similar to the case in Subsection 4.1, parameter values are selected from distinct regions in
Figure 4 to verify the analytical results derived in this section. Choosing the parameter values
(s1,52) = (=0.1,-0.1) within the stable region of the E.S., the trajectory originating from (x;, x, X3,
x4) = (0.01,-0.02,0.03,0.04) asymptotically converges to the origin, as demonstrated in Figure 5.
When the parameter values are set to (¢1,52) = (0.1,—-0.1) within the stable region of the S.B.
solution, numerical simulation demonstrates that the trajectory originating from the initial condition
(x1, X2, x3,x4) = (-0.2, 0.02,-0.1,0.01) asymptotically converges to the S.B. solution shown in
Figure 6. When selecting (¢1,¢2) = (—0.1,0.1), numerical simulations reveal a stable limit cycle as
demonstrated in Figure 7. The periodic trajectory associated with the H.B. solution originates from
the initial condition (xi, xy,x3,x4) = (—=0.02, 0.03,0.02,-0.01). Furthermore, when employing
parameter values (¢1,52) = (0.3,0.1) within the stable region for the 2nd H.B. solution, the system
generates another stable limit cycle from initial coordinates (xi, x,, x3, x4) = (0.01,0.04, -0.02,0.03),
as illustrated in Figure 8. Notably, all numerical simulations show qualitative agreement with
analytical predictions.

-0.05
X, %1073 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 002 003 0.04 0.05

X3

(@ (b)

Figure 5. The trajectory starting from (xy, x,, x3, x4) = (0.01, —0.02,0.03, 0.04) converges to
the E.S. for (¢, ¢,) = (-0.1,-0.1).

L L L L L L 0.08 L L L N T L L L
-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 006 008 0.1

X X3

(@) (b)

Figure 6. The trajectory starting from (x1, x», x3, x4) = (-0.2,0.02,-0.1,0.01) converges to
the S.B. for (¢1,¢2) = (0.1, -0.1).
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0.3

0.2f

0.1

o1f

021

03 L L L L L L L L L L L L
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

(a) (b)

Figure 7. The trajectory starting from (xy, x;, x3, x4) = (—0.02,0.03,0.02, —0.01) converges
to the H.B. for (¢1,¢2) = (=0.1,0.1).

(@ (b)

Figure 8. The trajectory starting from (x, x2, x3, x4) = (0.01,0.04, —0.02, 0.03) converges to
the 2nd H.B. for (¢, ¢2) = (0.3,0.1).

4.3. The case of two pairs of pure imaginary eigenvalues

Similarly, for the third case described above, the parameter values can be established as

m=lLmw=-la =a=0,8=5,=0,ky =2,k3; =3, kg1 = ko1 = 1, koo = k3 = kgo = kop = 0,
agr = Apy = Aoz = Aos = ags = dos = 1, bor = boy = boz = bog = bos = b = 1.

Choosing p; and u, as the perturbation parameters, applying the parameter transformation p; =
1 + ¢y, up = —1 + ¢, and taking into account the state variable transformation

V3 o1

X = _Z Z

xl > > 0 0 1
202 0o 0o 5 2||%]. (4.31)

= 0 0 -5 1%

X4 _ \/§ 1 0 0 24

Equation (3.20) becomes
1 V3 V3

2= V3 + 5(5‘1 + &)1 + [?5‘1 - ?S‘z] 2+ Nf3l, (4.32a)
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i\
= V37 + (75'1 el M (5'1 +62)20 + Nfy, (4.32b)
2 2V5 245
3= V52 +( S1+ 35'2)23 (?5‘1 - ?5‘2)24 +Nf;, (4.32¢)
V5 5 2 1
= - \/_ZS + (_5'1 - TS‘Z 23+ (35‘1 + §§2)Z4 + Nf34, (4.32d)

where the nonlinear functions N f3‘ (i = 1,2,3,4) are presented in the Appendix. At the critical point
S1e = ¢ = 0, the Jacobian matrix of Eq (4.32) evaluated with respect to the initial equilibrium solution
z; = 0 takes the following canonical form:

0
0
Ji0) = ot (4.33)

Applying the normal form theory, performing a near-identity nonlinear transformation z; = y; +
gi(y;), and then implementing a transformation y; = r;cosfy, y, = r;sinf;, y3 = r,cosbth, ys =
r, sin 6,, the normal form of Eq (4.32) can be derived as follows [20]:

1 1 11
R ) 434
_ 1 1 , 27, '
=12 561 +§§z—2r1 -7
and
! 3V3 19V3
R R e
(4.35)
9—\/§_£ +£ +9\/_ 21\/§r2
2= IR T Rt
According to Eq (4.34), the steady state solutions can be acquired by setting i = i, = 0.
The initial equilibrium solution (E.S.):
ri=rn=0 (e,z=0). (4.36)
The incipient Hopf bifurcation solution (H.B.(I) with frequency w):
2
= ﬁ(gl +62), n=0, (4.37)
13v3 31 \/‘
= - 4.
1= V3=t ey s (438)
The secondary Hopf bifurcation solution (H.B.(II) with frequency w,):
n=0, = (et (4.39)
1=Y, 2757 S1+62), .
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535 175
w2 = V5 - 180 °'~ 180 °

2. (4.40)

Quasi-periodic solution (2-D tori):

2
r=-2c1+¢), 15= §(§1 + ). (4.41)

The Jacobian matrix of Eq (4.34) can be expressed in the following form:

1 1 33
55‘14‘55‘2—?1’%—9}’% —18rir,
J= L $1, |- (4.42)

—4rir ES‘H‘EQ—ZI’%—Z’}
which can be applied to assess the stability of the four steady state solutions mentioned above.
Evaluating (4.42) on (4.36) yields the stability region of E.S. as

gLt < 0, (443)
which gives the critical line defined by
Lio: ¢1+6 =0, (4.44)

from which a family of limit cycles emerges from the E.S. through a Hopf bifurcation, with the H.B.(II)
solution being expressed as Eq (4.39).
Evaluating the Jacobian matrix (4.42) on (4.37) leads to the stability conditions

1+ <0 and ¢ +¢ >0, (4.45)

which are contradictive, which reveals that the H.B.(I) exhibits instability.
Similarly, evaluating (4.42) on (4.39) yields the stability condition as

S1+62>0. (4.46)

The next task is to find the stability conditions for 2-D tori given by Eq (4.41), while the expression of
the quasi-periodic solution shows that no quasi-periodic solutions exist unless r; = r, = 0.

From the previous analysis, it can be concluded that when L, is intersected with the change of
the parameter values, the E.S. (4.36) loses stability and undergoes a Hopf bifurcation, resulting in
the emergence of stable limit cycles (H.B.(II) solution). The critical bifurcation line is illustrated in
Figure 9.

In this case, the parameter values are selected from distinct regions in Figure 9 to find the numerical
solutions. Choosing (1, ¢2) = (—0.8,0.1) within the stable region of the E.S., the trajectory originating
from (x1, x2, X3, x4) = (—0.03, -0.02,0.01, 0.02) asymptotically converges to the origin, as can be seen
in Figure 10. Choosing the parameter values as (¢1,¢2) = (0.2,—-0.1) within the stable region of
the H.B.(II) solution, the system’s trajectory evolves into a stable limit cycle from initial coordinates
(x1, X2, x3, x4) = (0.03,-0.01,-0.02,0.04), depicted in Figure 11. It is observed that all numerical
solutions exhibit excellent agreement with analytical results.
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6
Secondary Hopf bifurcation
4 _______
S Stable H.B.(Il)
L/~N 0 el )
Stable region for E.S. Lo
2 e Y
M
-6 L
6 4 2 0 2 4 6

-0.02 r
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 -0.01 -0.005 0 0.005 0.01 0.015 0.02
X, Xy
(a) (b)

Figure 10. The trajectory starting from (xy, x, x3, x4) = (—0.03, -0.02,0.01, 0.02) converges
to the E.S. for (¢1,¢2) = (-0.8,0.1).

0.4

03F

0.2

01F

(@ (b)

Figure 11. The trajectory starting from (x, x,, x3, x4) = (0.03,-0.01, —0.02, 0.04) converges
to the H.B.(II) solution for (¢;, ¢2) = (0.2, -0.1).

5. Conclusions

In this paper, stability and bifurcation behaviors of an axially moving beam subjected to two
frequency parametric excitations are studied. Simultaneous principal parametric resonance as well as
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combination parametric resonance with 3:1 internal resonance is considered. Three types of
degenerated equilibrium points are discussed in detail. Based on the aforementioned research, the
following conclusions are obtained:

(1) The steady state solutions are analytically derived and their stability conditions are determined
as explicit expressions of the parameters ¢; and ¢,, which are obtained by using the parameter
transformations in three cases: (1) yu; = 2+, =6 Q) = -1+, =6 By =1+ ¢y,
wr = —1 + ¢, where uy = —uCig — aeg, o = —uCog — aeyg. u is a coefficient that denotes the
nondimensional viscous (external) damping. « is another coefficient of nondimensional material
(internal) damping. Ciz and e;z (i = 1,2) are the real parts of the nonlinear interaction coefficients C;
and e¢;. As mentioned above, the parameters ¢; and ¢, are related to u, @, Cig, and ez (i = 1,2), which
indicates that the stability conditions and the dynamical behaviors are affected by the viscous
(external) damping u, the material (internal) damping «, and the nonlinear interaction coefficients Ciz
and ez (i = 1,2) of the system. It is further demonstrated that complex dynamical behaviors of the
traveling viscoelastic beams can be controlled by modifying the parameters i and a. Therefore, the
theoretical studies obtained here can help us to optimize the design of the structural parameters of
accelerating beams. In addition, transition curves giving rise to static bifurcation, Hopf bifurcation,
and 2-D torus bifurcation are discussed applying normal form theory, stability, and bifurcation theory.

(2) In order to confirm the analytical predictions, system (3.20) is chosen to conduct numerical
simulations. The fourth-order Runge-Kutta algorithm through the software MATLAB is employed
to indicate stability of the steady state solutions. It is observed that all the numerical simulations
agree with the theoretical predictions. In the design of vehicles, such as spacecrafts, automobiles, and
aerial cable tramways, the structural components may demonstrate a significant nonlinear behavior
that requires careful consideration and precise control. The results of this study could provide critical
insights for mechanical engineers specializing in the nonlinear vibration analysis of axially moving
beams.
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~ —iw, fol ¢, $idx ~ —iw, fo ¢, Prdx
“ —{iw; fol $1d1dx +vo fol ¢’1<51dx}’ o —{iwzfo ¢2¢2dx+vofo %@Zd)c}’
g He [ @ ¢1dx = 22 (1§ g ydx + ivoy, #dx)
~iwr [ ¢1drdx +vo [ ¢$1dx)
X - Yo, [ ¢hdidx — 22 [ g dx — ivoy, ¢’2’<?>1dx}’
~iw [ $1d1dx+ vy [ ¢ 1dx)
X = Heviws [} ¢ dadx — 220 [N 1 Godix + ivgv, [ </)’1'$2dx}’
‘ ~{iws [ ¢odadx +vo [ $badx)
. ny fo (wy — 92)¢2¢1dx+1v0f0 J$1dx} k- 2{ fol (w1 — 2)¢, ¢2dx+1v0f0 1 drdx} ’
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1 i 1 v 1 17 1 ’
V2 [ ¢ idx [ ¢\ drdx+ [ @ drdx [ pi2dx)
S = ,

—{iw, fol 1¢1dx + vo f(,] ¢\ p1dx}
AIN @mf¢MﬂwJ;%@mg¢mgm4¢%@mf¢@ﬂx

o ~iw: [ pi1drdx+vo [ ¢, $1dx)
o = évlz{fol ¢"2<772dxf01 ¢’ 1 dx + fo zdxfo 1¢2dx+f0 ”]czﬁzdxfo (/)2¢2dx
—~iws [ ¢aadx +vo [ ¢'2$adx)
o 1202 [ gy dadx [ ¢rdido+ [ @ adx [ ¢ dx},
~{iws [ gadadx +vo [ ¢,Padx)
o - 1812 Iy #/didx [ ¢5didx+ [ ¢ dnax ) i I [ grdadx [ gr2dx) |
~{iwr [ $idrdx +vo [, ¢¢1dx) —{iws [ $adadx + vy [ 4adx)

ki = Im(K;), ki = Re(Kj;), (i=2,3,8,9),
ao; = Re(sy), apy = Im(sy), aps = Re(sy), aps = Im(s,), aps = Re(g1), aps = Im(g),
bo1 = Re(s3), by, = Im(s3), bos = Re(ss), bos = Im(ss), bos = Re(g2), bos = Im(g2).

The nonlinear functions N f]i (i=1,2,3,4)in (3.20) are
1 _ 3 2 2 3 2 2 2 2
Nfl = — dop (xl + )C]Xz) —ay (XI)CZ + X2) — aps (X].X3 + X1X4) — apg (X2X3 + X2X4)
2 2 2 2

- dos (x1x3 — X3X; + 2x1x2x4) + dopg (2x1x2x3 — X\ X4 + x2x4) ,

Nfl2 =dg (x? + xlxé) — o1 (xfxz + xg) — dos (x2x§ + xzxi) + dos (x1x§ + x]xﬁ)
2 2 2 2
+ aps (2Xx1X2X3 — XX + X5X4 ) + Qo (X7X3 — X3X5 + 2X1X2X4 ),

(
Nf? == by
(
(

Nf14 = - b(n X7X4 + XZX4) + b02 ()C X3 + X3X2) b()3 ()C4 + X3X4) + b()4 (x3 + )C3X4) + b()5 ( - 3X1X2)

xfx3 + ngz) by (xfx4 + x§x4) — bos (xg + xgxﬁ) — bos ()c?1 + x§x4) bos ( T — 3x1x2)
+ b()6 )Cg 3)C%X2)

2

1

3

1

+ b()6 ()C 3X1X2)

The functions h;(u;, pa, a1, a2, B1, B2, ka1, koo, k31, k3o, kg, kgo, kot s ko) (i = 2,3, 4) in (3.23) are

ho(uy, o, @1, @2, B, Bas kot koo, ks, ks, ki, ks, Koty Kop)
= —aj — @3 + ] + 5 + 2kyk3y — 2kaoksy — 2kgiko — 2ksokoy + pi + 4y + 113,

hy (s o, @1, @2, B, Ba, ka1, koo, k3, kaa, ksi, ksa, Kot s koz)

= 20ty — 2a1kykoy + 2a1kpkoy + 2a1ksikyy + 2a1ksyksy + 2051 + 2aka 1 key + 2a2kanko;

— 2a2k31ksy + 2a2kanks; — 2,3%,U2 — 2B1kaiksy — 2P1kaaks1 — 2B1ksikoy + 2B1ksrkor — 2,3§ﬂ1

— 2Brkarksa — 2Bokanks1 + 2Brksikor — 2Boksakor — 2kaiksipy — 2karksipa + 2kpnkaop + 2kankaops
+ 2kgikorp1 + 2ksikoiptr + 2kgokoapty + 2ksakoopts — 2,11%#2 - 2#1/15,

ha(uy, po, @1, @2, B, Bas kats ko, kats k3o, ks, ksa, kot koo)
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= —a1f; — AU — a5 — g + BiBs + Bt + ot + K5\ kS + K k3, — kg kg, — kg kg, + ka,k3

+ kaok3y — kooksy — kykay = K5 k) — K3, ks — Kaykgy — Kaskgy + ki ko) + kg kg + kipks, + kgoks,

+ U5 + 201 Bakarkey + 2a1Bokarkor + 2a1Boksiksy — 201 Bakaokst + 2aikarkoipts — 2aikaokopt

— 2a1k31ks1pa — 2a1kaakgopty + 2a0f2ka1kor — 2a2B2ka0kon

+ 2a2B2k31ks1 + 2a0B2k3aksy — 2ankaikospty — 2a0kankoipn + 2a0k31ksaptn

— 2mkaoksipt — 231 Bokarks1 + 21B2kaaksr — 2B1Baks1kor — 231 B2ksakor + 2B1karksapin + 2B1koksi o
+ 2B1ks1koopr — 2B1ksakoi s + 2Baka1 kg + 2Baknakzipn — 2Boksikoapts + 2Baksokorpn + 2ky1 ks o
— 2knokzaptipyr — 2kgikorpipty — 2kgakooptipta.

The nonlinear functions N fzi (i=1,2,3,4)in (4.7) are

27 63 651 701 , 5619 3
Nf; =szZ2 + 372123 — 52124 — §11z§ - TZ1Z§ +4z12; + 0 223 — 262574 + 6—4Zzz§ - ZZzzﬁ
1261 , 2333 , 4015 ; 063 305 169
- ?2324 7Z3Z4 421 32 Zp + 16 -yt 7Z1Z3Z4 - ?2122@ + ?zZam
3
- 5212224,
Npo_Ba 139, 30, 123, 3613 6 4451 17,
= 3R T g A%t AU T 5y uh b s 3hh T et 5h
3691 , 29 N 2215 , 35 2 5 1403 33177 10 189
208 5 T 3%t (g BUt 2gB T34 T Ty BT g BT 3% T 3 A
17 29 N 48
26Z12223 13Z2Z3Z4 1321Z2Z4,
N =2 137, 6 87 239 30 . 7305, 85, 5755
= (340t g dh T AU F 5% ~ [gras 3G T el s hu + Jorad
50 , N 3301 241, 10 4 N 28()5 21949 2 5, 87 62
H3Rht (g Bn T e T U T B T e O T 34 T [3A6U T 3000
459 N 6
26 223324 13212224,
Np Do T Do A, 605, 13, 3021, 633, 287 ,
- 4 <2122 3 Z1Z3 221Z4 16 <13y 32 <133 D) Q134 — 64 Z2Z3 16 —— <34 64 ZZZ3
+25 2_'_1409 179 2_|_1 3+1145 8295 , 3, 11 +141
4 2224 32 ZgZ4 3 5 3324 2Z1 16 128 Z3 2Z4 4 — 212324 3 212233
127
+ TZzZ3Z4 - 22712024
The nonlinear functions N f3’ (i=1,2,3,4)in (4.32) are
5 «F V3, 13 55 8 V15 69 5
Nf! = 2 2 -2 -2
S5 = 48 © 6 < u- 16le2 a2 - QT T RBL T ek V3212324 = 2 V521223

VT5.2 x/_ 24 VI5, 23vV3, 55V3 , 5v3 , 3943,
+3VI15ziz3 + —— = 5+ g 9T T p LG T 3 L4 + —g A%
N 7V3 , 35\/_

1
24 ZZZ4 + 6 + 10 \/_Z3Z4 — —Z12224,

4
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15v3 , 81 65 11, 5 2545
Nf; =- 6 7 - 162%22 ) — 2275 — 42025 + g — i+ 8z§Z4 t— z + 602524 + 6 V15212324
17 , 25 193 253
~2V15212053 — —23 + —23 — 4 V5252324 — unza+3V30 + ———2,23
16 2 4 16
153 275
+9V3z,22 + 1 zlz§ +— 2322 — V52223,
11V5, 4vV5, 3, 7 1315 35, 443
Nfj = 20 z - 3 z - 22123 132375 — gzﬁzs T ?zi Ty

73 17VI5 , 1315, 2V15 , V5, 43V5 , 4145,

+ TZ1Z223 - 4—02122 - 30 2124 — TZ]Z3 + B —~ 2524 + TZ2Z4 + 20 ZIZ2
SIS 4 + 24 V5 2 5V523z + £ 2 V3
3 <1 20 Z1Z4 Z3Z4 3 — 223324 3 Z2Z3,
25 23 7 105 8 V15
Nf = V3z - 273z, - R 2023 — 322 - 3Z§Z4 5 23 + 525324 — 3 A%
2V15 2, 11, 445 +2x/§ N 19v3 , 53
3 2132233 3Z2 3 24 3 223334 3 12234 Z1%y 6 2134 6 <113
25
+2 \/513zi - Tz%a.
E ©2025 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
%ﬁ; AIMS Press terms of the Creative Commons Attribution License
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