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Abstract

In this paper, the oscillatory behavior of the solutions for a class of nonlinear mechanical system
with delay is investigated. By means of mathematical analysis method, some sufficient conditions
to guarantee the oscillation of the solution are obtained. Computer simulations are provided to
demonstrate our results.
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1 Introduction

It is well known that stability and oscillations are two research topics for many mechanical systems
[1-20]. In [1], Rabeloa et al. investigated a two-degree-of-freedom mechanical model with damping
which subjects the time delay. This model consists of a primary system attached to the ground
by a suspension that includes damping and spring, and a damped secondary mass coupled to
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the primary system by a spring with nonlinear characteristics. The mathematical model for this
mechanical system is as follows:

Yl 4+ wiys 4+ ar2yf + oasyd + Gyl 4 GUiYE — anyz + Gt — 1) — yh(t — 7))
+aza(yr — y2)? + azs(yr —y2)® = Fy cos(1t) + y2 Fa cos(Qat) (1)
Y5 (1) + w3 (y2 — y1) + Bo2(y2 — y1)° + Bas(y2 — v1)° + Galya(t — 7) —yi(t — 7)) = 0.

where w1, w2 are natural frequencies; €21, {22 represent the forcing frequencies; (1, (2, (3, (4 represent
the damping parameters; a2, a13, @21, (22, oz are stiffness parameters; Fi, F»> represent parameters
of the external excitation force amplitudes. Under the restricted conditions for small damping, for
small amplitudes of external excitation and weak stiffness of nonlinearities, that is, for a small
parameter of perturbation £ (0 < & < 1):

a;; =0(),i=1,2,j=1,2,3; F; =0(e),i =1,2;; = 0(e),i=1,--- ,4; 825 = O(e), 5 =1,2. (2)

The authors have investigated the stability of the solutions by using the method of computational
and numerical analysis. The solution was obtained by using the integration of equations of motions
performing a Fourth Order Runge-Kutta Method. The behavior of a nonlinear main system with
nonlinear secondary system also have been investigated to many cases of resonances.

On the other hand, under what conditions the system will appear oscillation is also important.
Therefore, in this paper we discuss the oscillatory behavior of the solution for the model (1). Our
result indicates that if the autonomous system associated with (1) has an oscillatory solution, then
there exists an oscillatory solution of system (1) since Fi cos(21t) + y2F> cos(€22t) is an external
periodic force.

2 Preliminaries

For convenience, system (1) can be written as an equivalent four dimensional first order system:

Ty = T2,
Th = —wit) — @12t — a1375 — Giae — Caxize + amizs — Ca(xa2(t — T) —z4(t — 7))
*&22(‘?1 — $3)2 — 0423(1’1 — :L’s)d + F1 COS(Qlt) + ZCgFQ COS(QQt), (3)
:'E,B = x4’
z) = —wi(z3 — m1) — Baa(ws — 11)% — Bas(ws — 21)° — Ca(wa(t — 7) — 22(t — 7).

Corresponding to system (3), we have the following autonomous system:

55,1 = T2,
xh = —wirr — @122} — a1375 — Gixe — Coxiws + aniws — C(z2(t — 7) — xa(t — 7))
—aga(r1 — 3)? — aas(z1 — x3)°, (4)
Th = x4,
xy = —wi(x3 — 1) — Paalws — 1) — Pas(ws — 21)° — Ca(@a(t — 7) — 22 (t — 7).

The system (4) can be expressed in the following matrix form:
o' (t) = Az(t) + Ba(t — 7) + f(z(t)) (5)

where © = (z1, T2, 23,24)7, (t — 7) = (21(t — 7),22(t — 7),23(t — 7),24(t — 7))*, A and B both
are 4 by 4 matrices, and f(z(t)) is a 4 by 1 vector:

0 1 0 O
—w? - a 0

A:(aij)4><4: 01 ()Cl 021 1 )
0 —ws w? 0
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0 0 0 0
0 - 0
B=bua=1 0(3 0 %3 ’
0 G 0 —G
0
| —aer? — st — Grtrs — as(zr — x3)? — sz — x3)3

—Paz(w3 — x1)% — Paz(w3 — x1)°
The linearized system of (5) is
z'(t) = Az(t) + Bz(t — 1) (6)
Lemma 1 If 82, — daisf23 < 0,025 — 4a13(w% — a21) < 0, then there exists a unique equilibrium
point for system (4) (or (5)).

Proof An equilibrium point 2* = [z}, 23, 25, 2%]7 of system (4) is a constant solution of the
following algebraic equation
x5 =0,
2, % *2 *3 * *\2 ok *
—wiz] — a122]” — a3zri” — (123 — ((27) 25 + anzs
—Ca(@s — 23) — ana(z] — 25)? — qes(af —23)° =0, (7)
zy =0,

—wi (x5 — af) — Baz(ws — 21)? — Bas(xs — 7)® — Ca(d — a3) = 0.
Noting that x5 = 0,2} = 0, so system (7) changes to the following:

Wizt + arewi? + a13xt? — o) + aze (2t — 25)? 4+ aos(xf — 23)% =0, (8)
wh (x5 — o7) + Baz(i — x7)° + Pag(ai — x7)* = 0.

We shall prove that z7 = 0,23 = 0. Indeed, from the second equation of (8), we have 3 — z] = 0,
or Baz(zh — x7)? + Paz(xh — z}) + w3 = 0. Condition 3, — 413823 < 0 implies that there are no
real roots of equation Baz (x5 — x7)% + Baz(xh — 27) + w3 = 0. Thus, we only have x5 — 2 = 0. From
x5 — 1 = 0 we obtain xf(algxfg + a12x] — ao1 + w%) = 0. Condition a2y — 4a13(w% —a21) <0
implies that there are no real roots of equation a13x}> + a122} + w? — az1 = 0. Therefore, we have
x] = 0,23 = 0. system (4) only have a zero equilibrium point.

Lemma 2 If the trivial solution of system (6) is unstable, then the trivial solution of (5) is
unstable.

Proof Obviously, system (5) and (6) both have trivial solution. f(x) is a higher order infinitesimal
when & — 0. Therefore, the trivial solution of system (6) is unstable, then the trivial solution of
system (5) is unstable.

3 Oscillatory Behavior of the Solutions

Theorem 1 Assume that all solutions of system (3) are bounded. If zero is the unique equilibrium
point of system (6) for selecting parameter values. Let a1, a2, as, aa and b1, B2, B3, B4 be characteristic
values of matrix A and B, respectively. If there exists some positive aj, or Re(ay) > 0, then the
unique equilibrium point of system (6) is unstable. System (3) generates an oscillatory solution.

Proof Since «; and 3; (¢ = 1,2,3,4) are characteristic values of matrix A and B, respectively,
then the characteristic equation corresponding to system (6) is the following:

I (A~ — Bie™™) =0 (9)
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So, we are led to an investigation of the nature of the roots for some k, k € {1,2, 3,4}
A=k — Bre T =0 (10)

Noting that there exists a zero characteristic value of system B. Without loss of generality, we
assume that ap > 0, or Re(ax) > 0, B = 0. Then (10) changes to

A—ar =0 (11)

Since ar > 0, or Re(ay) > 0, this means that there is a positive (or a positive real part )
characteristic value of system (6). Therefore, the trivial solution of system (6) is unstable. According
to Lemma 2, the trivial solution of (5) is unstable. The boundedness of the solutions of system
(5) and the instability of unique equilibrium point will force system (5) to generate an oscillatory
solution. Since Fi cos(Q1t) + y2F» cos(22t) is a periodic external force, implying that system (3)
has an oscillatory solution.

Theorem 2 Let k = max{|(3],|C4|}, p(A) = maxi<j<alaj; + Zf:u# laij|] [21]. Assume that
system (3) has a unique equilibrium point and all solutions of system (3) are bounded. If the
following inequality holds:

w(A) + k>0 (12)
then system (3) has an oscillatory solution.

Proof Let y(t) = i, |z;(t)], from (6) we have

y'(t) < p(A)y(t) + ky(t —7) (13)
Consider the scalar differential equation
2 (t) = p(A)z(t) + kz(t — ) (14)

According to the comparison theorem of differential equation, we have y(t) < z(t). For equation
(14), the characteristic equation associated with (14) is given by

A= pu(A) + ke " (15)

We claim that there exists a positive characteristic root of equation (15). Indeed, let g(\) =
A — 1(A) — ke™*7. Then g()) is a continuous function of A. From condition (12), we have g(0) =
—u(A) — k < 0. On the other hand, limx_ 4o e — 0. Thus, there exists a suitably large
positive A, say A1 such that g(A1) = A\ — pu(A) — ke™™ > 0. According to the Intermediate
Value Theorem, there exists a A\*, where A* € (0, A1) such that g(A\*) = 0. In other words, \* is
a positive characteristic root of equation (15), implying that the trivial solution of equation (14)
is unstable. Since y(t) < z(t), this means that the trivial solution of equation (13) is unstable. It
suggested that system (3) has an oscillatory solution.

Theorem 3 Assume that system (3) has a unique equilibrium point and all solutions of system (3)
are bounded. If the following inequality holds for selecting time delay 7:

ket > el (16)
then system (3) has an oscillatory solution.

Proof We shall prove that the trivial solution of equation (14) is unstable. Suppose this is not
the case, then the characteristic equation (15) will have a real nonpositive root, say Ao < 0 such
that

Ao = p(A) + ke 07 (17)
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Thus,
ol = ke 07 — |u(A)] = ke*!™ — |u(A)| (18)
or
IXo| + |p(A)| > LelrolT — pe(Xol+lu(A) DT —lu(A)|r (19)
Noting that e(MolHAD™ > o(|xg| + |u(A)|)7, thus
ol + [1(A)] = ke(|Ao| + [u(A))re 1" (20)
So we have
1> (ker)e WAl (21)

The inequality (21) contradicts (16). Therefore, the trivial solution of equation (14) is unstable.
Implying that system (3) has an oscillatory solution.

4 Simulation Results

The simulation is based on the equivalent system (3) of (1), first the parameters are selected as
fOHOWS: Q12 = 0.03,&13 = 0.04, a1 — 0.87, Q29 = 0.35,1123 = 0.025;522 = 0.98,523 = 1.32;C1 =
0.05,(2 = 0.08,¢3 = 0.04,(4 = 2;w1 = 2.25,w2 = 6.35;Q = 0.45,Q2 = 0.55; F1 = 0.6,F> =
0.3. The time delay 7 = 0.185. Then the characteristic values of A = [0 1 0 0;-2.25% —
0.05 0.87 0;0 0 0 1;0 — 6.35° 0] are 5.9319,0.3650 & 2.2340i, —6.7119. Since there is a
positive characteristic value (5.9319) of matrix A, the condition of Theorem 1 are satisfied. One can
check that the conditions of Theorem 2 are also satisfied. There exists an oscillatory solution for
system (3). However, the oscillatory amplitude of the solution is small (see Fig.1). Then we change
w1 = 2.15,we = 2.35,1 = 1.85,Q5 = 1.55, the other parameters are kept as before, both oscillatory
amplitude and frequency of the solution are changed (see Fig.2), implying that the values of wi,wa,
4, and Q9 affect the oscillatory amplitude and frequency of the solution greatly. In order to see
the effect of time delay, we use the parameters in figure 1 and change the time delay 7 from 0.185
to 0.225 and 0.285, respectively. One can see that both the oscillatory amplitude and frequency are
changed, implying that time delay affects amplitude and frequency of the oscillation (see Fig.3).
We pointed out that the condition of Lemma 1 is not satisfied based on selecting parameter values.
This means that Lemma 1 only is a sufficient condition.
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Fig.1 Oscillator2y behavior of the solutions for system (38, delay: 0.185.
w, = 25 W2=6.35. Omega1=0.45. Omega2= 5 5:
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Fig. 2 Oscillatory behavior of the solutions for system (3), delay: 0.185.
w1=2.15, w2=2.35, Omega1=1.85, Omegaz=1.55.
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Fig.3 The effect of time delays, solid line: xa(t), dotted line: x4(t).

5 Conclusion
In this paper, we have discussed the oscillatory behavior of the solutions for a class of nonlinear
mechanical system with delay. Based on mathematical analysis method, we provided some sufficient

conditions to guarantee the oscillation of the solutions. Some simulations are provided to indicate
the effectness of the criterion.
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