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A single-degree-of-freedom mechanical model of vibro-impact system is established. Bifurcation and chaos in the system are
revealed with the time history diagram, phase trajectory map, and Poincaré map. According to the bifurcation and chaos of the
actual vibro-impact system, the paper puts forward external periodic force control strategy. The method of controlling chaos by
external periodic force feedback controller is developed to guide chaotic motions towards regular motions. The stability of the
control system is also analyzed especially by theory. By selecting appropriate feedback coefficients, the unstable periodic orbits
of the original chaotic orbit can be stabilized to the stable periodic orbits. The effectiveness of this control method is verified by

numerical simulation.

1. Introduction

In the field of nonlinear, along with people understanding the
nature of chaos, how to control chaos and chaos synchro-
nization has been a hot topic studied by researchers. In the
1990s, Ott et al. proposed the OGY chaos control method [1].
Scholars put forward a lot of modified control methods [2, 3]
based on the OGY method. Although small perturbation of
the system parameters for the control of chaos has been con-
firmed, the method requires detailed information about the
target trajectory and brings a lot of inconvenience to the
practical application. Therefore the domestic and foreign
researchers put the traditional control theory and chaotic
motion characteristics used in chaos control and present a lot
of chaos control method, such as delayed feedback control [4,
5], periodic parameter perturbation control [6], continuous
feedback control [7], pulse feedback control [8], and adaptive
control [9], and so forth. There are also examples of control
on the vibroimpact system [10, 11].

Vibroimpact system as a typical nonsmooth dynamical
system generally exists in practical engineering. Because of
the frequent collision, the system has strong nonlinearity and
discontinuities compared with a smooth nonlinear system,
presents more complex nonlinear phenomena, and causes

hazards on the safe operation of the system. Because of the
collision interface differential discontinuities, the original
method applied to continuous system can not be used for
such system.

This paper puts forward a sine periodic force feedback
controller based on the periodic external force feedback con-
trol strategy and analyzes the stability of control theory. When
selecting the appropriate feedback coeflicients, the chaotic
orbits can be controlled onto the stable periodic orbits. A
single-degree-of-freedom vibroimpact system is transformed
into a form of Poincaré map for numerical simulation. The
results of numerical simulation show that the method is
effective in practical engineering, so it has certain practical
significance.

2. Mechanics Model of
the Vibroimpact System

Figure 1shows a single-degree-of-freedom mechanical model
of vibroimpact system. Oscillator M is connected to the left
side support by the spring with stifftness K and the damper
with damping C. In the harmonic excitation F sin(QT + 6),
motion of the oscillator is in the horizontal direction. X is
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FIGURE 1: Mechanics model of a single-degree-of-freedom vibroim-
pact system.

the displacement of motion. When the oscillator is in the
equilibrium position, the gap between the rigid constraints
on the right side is D. Considering the collision as the rigid
collision and R as the coeflicient of restitution, the differential
equation of motion of system is

MX+CX+KX=Fsin(QT+0) (X<B). (1)
The shock equation of system is
X,=-RX_ (X=B), 2)

where X_ and X, represent the impacting mass velocities of
approach and departure at the instant of impacting, respec-
tively.

After the dimensionless transformation, when x < d, the
differential equations of motion of the system between two
collisions are as follows:

X+ 2{x + x = sin (wt + ). (3)

In which, the nondimensional quantities are

(4)

When x = d, shock equation of the system at collision
transient is given by

%, = —Rx_, (5)

where x_ and x, represent the impacting mass velocities of
approach and departure at the instant of impacting, respec-
tively.

By (1), the general solution of the system between two
collisions between is

x=e " (acoswyt +bsinwyt) + Asin (wt + 6)

+ Bcos (wt + 0),
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where w; = /1 — (2. A and B are amplitude constants. By the
initial conditions of the system: x(t,) = x, and x(t,) = x,, let
t, = 0; the integral constants A and B can determined

a=x,—Asin0 — Bcos0,

(% + {xy + (Bw — A{) sin 0 — (Aw + B{) cos )
(Ud ’
B 1-w (7)
(-0 + 2w)”

b:

2w
(1- w2)2 + (2(«))2'

Periodic motion of the system under certain parameter
conditions can be expressed as n— p, n represents a force cycle
number, and p represents the number of collisions. Consid-
ering the n — 1 periodic motion, the collision instantaneous
dimensionless time t = 0, and next collision time ¢, = 2n7/w,
then boundary conditions of the n — 1 periodic motion are
x(0) = x(t,) = d and x(0) = —Rx(t,). With (6) applying to
the boundary conditions, the existence conditions of periodic
motion system are

—~Htan6 - V1 + tan2 6 — H? -

— 1, (8)
1+ tan? 6

(tz
>

where 6 = arctan(—H,/H,), ¢ = coswyt,, e = e "%, s =
sinwyt ,,
d
H=— (({+Re(wys+{c))es
H,
+ (wy + Re (wyc = {s)) (ec — 1)),
H, = A({ +Re(wys +{c)) - Bw(l + R)es ©)

+ A (wy + Re (wze = s)) (ec— 1),
H, = B({ +Re(wys +{c)) — Aw (1 + R) es
+ B (w,; + Re (wze = {s)) (ec - 1).

At the same time, theory fixed point of the n — 1 periodic
motion is given by

—~Htan6 — V1 + tan? 0 — H>
0, = arccos — , x; =4,
1+ tan?6

~ (d-Asinf,; - Bcos ) ((1 - ec) w, —es{)
es

Xy

+ Awcos0,; — Bwsin 0.
(10)
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FIGURE 2: Bifurcation diagram of the system.
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FIGURE 3: Poincaré map, phase portrait, and time course diagram of the system with w = 2.55.

Define the following section: o = {(0, x, %) € R* x Sylx =
d}. In the paper, we choose the section o to establish the
Poincaré map

6k+1 = wt + Qk,

(11)
Xpoy =e (& cos wyt + bsin wdt) + Asin (wt + 6;) 2)
+ Bcos (wt +6y),

Xy = —R (efct ((?)wd - ﬁ() cos wyt — (E( + &wd) sin wdt)

+Aw cos (wt + 6;) — Bwsin (wt + 6, ) ,
(13)

where @ = x;, — Asin 6, — Bcos 8, and b = (% +{x; + (Bw—
Al) sin 0, — (Aw + B() cos 0;)/w,. In which, initial iteration
value of the Poincaré map of the n — 1 periodic motion is

6o = 64 Xy = X = Xg = Xg = d,

560 = xd. (14)

3. Chaos and Bifurcation

The single-degree-of-freedom mechanical model of vibroim-
pact system, with system parameters { = 0.01, d = 0.05,
and R = 0.8, has been chosen to be analyzed. The system
parameter w is taken as the bifurcation parameter. The global
bifurcation diagram can be obtained with the w changing
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FIGURE 4: Poincaré map, phase portrait, and time course diagram of the system with w = 2.6.
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FIGURE 5: Poincaré map, phase portrait, and time course diagram of the system with w = 2.635.
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FIGURE 6: Poincaré map, phase portrait, and time course diagram of the system with w = 2.42.
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FIGURE 7: Poincaré map, phase portrait, and time course diagram of the system with w = 2.644.
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FIGURE 8: Poincaré map, phase portrait, and time course diagram of the system with w = 2.52.
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FIGURE 9: Poincaré map, phase portrait, and time course diagram of the controlled system with y = 0.05 and h = 4.6.
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FIGURE 10: Poincaré map, phase portrait, and time course diagram of the controlled system with y = 0.05 and h = 5.6.

in the range of [0, 6] as shown in Figure 2. As you can see
from Figure 2, the system has stable n — 1 periodic motion in
a certain range. But in different period of single touch move-
ment, the system will produce double periodic bifurcation,
from periodic motion to chaos in the process of transition.
But with the increase in w, the system will degenerate to
the periodic motion. The Figures 2(b) and 2(c) are a partial
enlargement of Figure 2(a). It can be seen that, when w =
2.5585, the vibroimpact system will be from periodic 1 motion
to periodic 2 motion by bifurcation and when w = 2.624, the
vibroimpact system will be from periodic 2 motion to
periodic 4 motion by double periodic bifurcation. When w =
2.641, the vibroimpact system will be from periodic 4 motion
to periodic 8 motion by double periodic bifurcation. When
w = 2.644, the vibroimpact system will be from periodic 8
motion to periodic 16 motion by double periodic bifurcation.
With the vibration frequency w increasing further, the system
leads to chaotic motion.

The excitation frequency w takes 2.55, 2.6, 2.635, 2.642,
2.644, and 2.652. Poincaré map, phase portrait, and time
course diagram of the system are shown in Figures 3,4, 5, 6, 7,
and 8. The system is, respectively, periodic 1 motion, periodic
2 motion, periodic 4 motion, periodic 8 motion, periodic 16
motion, and chaotic motion.

4. Chaos Control

The paper chooses the sine driving force for the periodic force
excitation. Periodic force is easy to produce and control the
external driving force in the actual project, so the sine driving
force is used to suppress the bifurcation and chaotic motion of
single-degree-of-freedom vibroimpact system. Based on the
principle of parameter perturbation, periodic force excitation
method can stabilize the chaotic motion by applying distur-
bance directly into the system. An unstable periodic motion
of the chaotic system can produce resonance with external
periodic force. The system can be from its unstable limit cycle
to a stable limit cycle by resonating with external driving
signal. So the chaos is controlled.
Periodic force excitation can be expressed as

f = hsin (yw0). (15)

In the formula, h and y are adjustable parameters.

As the previous analysis, when w = 2.652, the system
is in chaotic motion. After the introduction of the external
periodic force feedback controller, using the fourth-order
Runge-Kutta method of numerical simulation, the Poincaré
map, phase portrait, and time course diagram of the con-
trolled system are obtained, as shown in Figures 9 and 10.



When y = 0.05and h = 4.6, the system is controlled to
periodic 1 motion. When y = 0.05 and h = 5.6, the system is
controlled to periodic 2 motion. The simulation results show
the effectiveness of the method. Because the method does not
change the original system parameters, it can be applied to a
2-DOF and multiple-DOF vibroimpact mechanical system.

5. Conclusion

Based on a single-degree-of-freedom vibroimpact system
as the research object, bifurcation and chaos have been
researched with the system parameters changing. By adopting
an external periodic force excitation method for suppressing
its chaotic behavior, it delayed the occurrence of fault.
Because this method does not change the original system
parameters, it is easy to implement in engineering. This
method is not limited to this kind of mechanical system
with clearance collision and can also be used in other similar
nonlinear system.

Acknowledgments

The authors gratefully acknowledge the support of Pro-
gram for National Natural Science Foundation of China
(51275082), New Century Excellent Talents in University
(NCET-08-0103), the Research Fund for the Doctoral Pro-
gram of Higher Education (20100042110013), the Funda-
mental Research Funds for the Central Universities of
China (N110403008), Natural Science Foundation of Liaon-
ing Province of China (201102071), Shenyang City Science
Projects (F11-264-1-46), and the Science and Technology
Research Projects of Education Department of Liaoning
Province of China (L2012068).

References

[1] E. Ott, C. Grebogi, and J. A. Yorke, “Controlling chaos,” Physical
Review Letters, vol. 64, no. 11, pp. 1196-1199, 1990.

[2] K. Yagasaki and T. Uozumi, “A new approach for controlling
chaotic dynamical systems,” Physics Letters A, vol. 238, no. 6,
pp. 349-357,1998.

[3] H. Y. Hu, “Controlling chaos of a dynamical system with
discontinuous vector field,” Physica D, vol. 106, no. 1-2, pp. 1-8,
1997.

[4] T. Ushio and S. Yamamoto, “Delayed feedback control with
nonlinear estimation in chaotic discrete-time systems,” Physics
Letters A, vol. 247, no. 1-2, pp. 112-118, 1998.

[5] J. Awrejcewicz, K. Tomczak, and C. H. Lamarque, “Controlling
systems with impacts,” International Journal of Bifurcation and
Chaos in Applied Sciences and Engineering, vol. 9, no. 3, pp. 547-
553, 1999.

[6] R. Lima and M. Pettini, “Suppression of chaos by resonant
parametric perturbations,” Physical Review A, vol. 41, no. 2, pp.
726-733,1990.

[7] K. Pyragas, “Continuous control of chaos by self-controlling
feedback,” Physics Letters A, vol. 170, no. 6, pp. 421-428, 1992.

[8] J. Guemezand M. A. Matias, “Controlling of chaos in unidimen-
sional map,” Physics Letters A, vol. 181, no. 1, pp. 29-32,1993.

Journal of Control Science and Engineering

[9] S. Sinha, R. Ramaswamy, and J. S. Rao, “Adaptive control in
nonlinear dynamics,” Physica D, vol. 43, no. 1, pp. 118-128, 1990.
[10] S.L.T. de Souza and I. L. Caldas, “Controlling chaotic orbits in
mechanical systems with impacts,” Chaos, Solitons and Fractals,
vol. 19, no. 1, pp. 171-178, 2004.
[11] J. Lee and J. Yan, “Control of impact oscillator,” Chaos, Solitons
and Fractals, vol. 28, no. 1, pp. 136-142, 2006.



International Journal of

Rotating
Machinery

International Journal of

The Scientific oA Distributed
World Journal Sensors Sensor Networks

Journal of
Control Science
and Engineering

Advances in

Civil Engineering

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of
Electrical and Computer
Engineering

Journal of

Robatics

Advances in
OptoElectronics

International Journal of

Modelling &
oot (il St perospags
Observation in Engineering

o

Aoes

5//{/?

International Journal of nas and Active and Passive
Chemical Engineering Propagation Electronic Components




