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Abstract 

In m a ~ y  mechanica! systems dynamk loads cause vibrations. Especially Vibrations with 
large ampiitudes are iindesirable, became they can cause stretching, stresses, excessive 
sound production, etcetera. These vibrations might cause damage to the system, thus 
justifying research into methods to eliminate or suppress them. 

The results described in this report are part of a research into vibration reduction in 
non-linear multi-DOF' systems, using active control. The considered system is an under- 
actuated beam with a local non-linearity, i.e. a one-sided spring. In certain frequency 
ranges, the behaviour of the non-linear system makes it possible to eficiently suppress the 
amplitude of vibrations in the system, i.e. using coexisting solutions. The suppression 
can be realized with relatively little effort of one or more actuators, resulting in a long life 
of the actuator(s). In this project, one actuator has been used. In order to accomplish 
the vibration reduction in the system, only one DOF, i.e. the actuator DOF, is actually 
controlled. However, the efficiency of the vibration reduction is also determined by the 
behaviour of the uncontrolled DOFs. 

This report describes the results of a research into the determination of an optimal actuator 
position with regard to the behaviour of the uncontrolled DOFs. The optimization problem 
has been addressed by means of an analysis of the zero dynamics of the beam system. The 
stability of the zero dynamics provides an interesting basis for an actuator positioning 
criterion, defining optimality of the actuator position with regard to the uncontrolled 
DOFs. Yet, it has proved to be difficult to adequately quantify this stability for the 
non-linear beam system. During the research, bifurcations in the behaviour of the zero 
dynamics have emerged as a research inviting property of the non-linear zero dynamics. 

Besides an optimal actuator position, the quality of the transfer between the calculated 
control effort u and the control force Fact that is actually applied (by means of a shaker), 
is also very important for the optimal functioning of the controller in an experimental 
environment. As there was room for improvement of the quality of this transfer, a combined 
amplifier/actuator model has also been given some attention in this report. Its parameters 
have been estimated and the performance has been evaluated by means of two tests, one 
of which is a control experiment, showing the active control based vibration reduction in 
practice. 

'DOF = degree of freedom 



A reality, completely independent of the spirit 
that conceives it, sees it or feels it, 

is an impossibility. 
A world so external as that, even if it existed, 

would be forever inaccessible to us. 

- Henri Poincaré - 
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Chapter 1 

Introduction 

In many mechanical systems dynamic loads cause vibrations. Especially vibrations with 
large amplitudes are undesirable, because they can cause stretching, stresses, excessive 
sound production, etcetera. Our objective is to reduce these undesired vibrations using 
active control. More specifically, we will try to reduce the vibration amplitude of such 
systems by actuating at a suitable position. 

In this report vibration reduction of a beam system with a local non-linearity is studied. 
The word ‘local’ expresses that the nonlinearity occurs at a discrete position on the sys- 
tem. Figure 1.1 shows an overview of the experimental set-up that represents the system 
of our interest. 

Figure 1.1: AutoCAD model of the experimental set-up of the non-linear beam system. 

Due to its local non-linearity, i.e. the one-sided spring, the vibrating beam with one-sided 
spring shown in figure 1.1 provides us with a convenient non-linear system that incorpo- 
rates possibilities for very eficient vibration reduction. It’s a convenient system as it can 
be modelled relatively easily and yet is expected to provide insight into ways to achieve 
efficient vibration reduction for more complex systems like complete drive lines, satellite 
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solar panels, traffic bridges, etcetera. 

In order to allow both effective and efficient reduction of vibrations, the system is to be 
controlled using an actuator force Fact, supplied by an actuator. This actuator has been 
implemented by means of a shaker. The actuator force Fact should resemble a desired 
control effort u, calculated with a PC. It can be applied to the beam system at several po- 
sitions. In figure 1.1 the actuator has been placed in the spotlight, as this report describes 
the results of a research focussed on the following problems related to the actuator: 

1. Finding the best position to a,pply the actfiator force te the beam. 

2. Obtaining an adequate description of the transfer between the desired control effort 
u calculated by the PC and the actually applied actuator force Fact. 

In the next section both the system itself and its dynamic behaviour will be described, 
hopefully providing the reader with sufficient information to understand both the relevance 
of the research itself and its objectives described at the end of this chapter. 

I. P System description 

In this report only those aspects about the system description will be mentioned that are 
considered relevant for the modelling of the system and/or for the understanding of the 
experiment al set-up. 

1.1.1 Orientations and origin location 

Figure 1.2 shows two pictures of the beam in the case that one actuator is used at position 
2,. For the sake of clarity, a top view of the experimental set-up is shown in figure 1.2(a). 
In figure 1.2(b), the same view is shown in a schematic equivalent. Also, some important 
dimensions and the used definitions for positive directions of the positions and forces are 
indicated there. The z = O coordinate of the origin O of the coordinate system is located 
at the z coordinate of the middle of a cross-section of the beam. 

1.1.2 System components 

The beam system consists of the following components: 

o Beam. To provide the reader with a notion of the dimensions of the experimental 
set-up, the dimensions of the beam are mentioned here: I x w x h = 1330 x 10 x 90 
[mm3]. Due to its small width, the beam is quite flexible in the y-direction. As shown 
in figure 1.2, the beam is attached to the world by means of 2 leaf springs near each 
end of the beam. These leaf springs possess great stiffness in the y-direction but 
are not very resistant to z-axis rotations. Thus, they provide maximum freedom of 
movement for the beam whilst still properly connecting it to the world. Both the 
beam and the leaf springs are made of steel. 

l 
i 

o Mass  unbalance. As is shown in figure 1.2 and in more detail in figure 1.3, the mass 
unbalance provides the excitation force Fe,, applied to the middle of the beam in 
order to cause vibrations in the beam system. The horizontal component of the 
centrifugal force, caused by rotation of the eccentrically placed masses, is useful to 
generate a sine-shaped force Fez, provided that little or no energy is absorbed by the 
bearings and that the rotation speed of the shaft is constant. In order to achieve this, 
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(a) top view of the experimental beam system. 

(b) schematic top view of the beam with one actuator. 

Figure 1.2: top views of the beam with one actuator, including some definitions. 
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the shaft is connected to the mass unbalance by means of a flexible coupling. The 
constant speed is guaranteed by a tacho-controlled motor. The excitation frequency 
fe can be chosen freely within a certain frequency range (with steps of 0.5 [Hz]). The 
result is a sine-shaped excitation force, represented by the following equation: 

Fe, = rnerew2 cos (ut) with w = 2nfe. (1.1) 
In this equation me is the effective mass of the total eccentrically placed mass, 
regarded as concentrated at effective radius Te .  In the models m e T e  = 0.984. 
[kgm] has been used. 
l h e  long shaft, connecting the motor with the mass unbalance, has foam bearings 
at three points as can be seen in figures 1.2(a) and 1.3. These bearings are used 
to suppress vibrations in the shaft which can reduce the quality of the generated 
excitation force. 

r-7- 

Figure 1.3: more detailed view of the shaker, mass-unbalance and one-sided spring. 

0 One-sided spring. Figure 1.3 shows the one-sided spring/damper, also located at the 
middle of the beam. The one-sided spring has been implemented using a steel butt- 
strip, clenched between a profile and a steel strip on both ends. Contact with the 
beam is provided by a bolt of which the position can be adjusted. In the models, the 
one-sided spring is presumed to have a linear characteristic, represented by stiffness 
k .  The behaviour of the one-sided spring can be denoted as a non-linear stiffr,ess 
k,~, resulting in: 

(1 + sign(y,,,)) - - { k if ym > O, 
O if ym 5 O. 2 

k,l = kint 
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