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88040-900 Florianópolis, SC, Brazil

Correspondence should be addressed to João C. O. Marra; joaocmarra@yahoo.com.br

Received 2 January 2016; Revised 11 April 2016; Accepted 1 June 2016

Academic Editor: Londono Monsalve

Copyright © 2016 João C. O. Marra et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Vibratory phenomena have always surrounded human life.The need formore knowledge and domain of such phenomena increases
more and more, especially in the modern society where the human-machine integration becomes closer day after day. In that
context, this work deals with the development and practical implementation of a hybrid (passive-active/adaptive) vibration control
system over a metallic beam excited by a broadband signal and under variable temperature, between 5 and 35∘C. Since temperature
variations affect directly and considerably the performance of the passive control system, composed of a viscoelastic dynamic
vibration neutralizer (also called a viscoelastic dynamic vibration absorber), the associative strategy of using an active-adaptive
vibration control system (based on a feedforward approachwith the use of the FXLMS algorithm)working together with the passive
one has shown to be a good option to compensate the neutralizer loss of performance and generally maintain the extended overall
level of vibration control. As an additional gain, the association of both vibration control systems (passive and active-adaptive)
has improved the attenuation of vibration levels. Some key steps matured over years of research on this experimental setup are
presented in this paper.

1. Introduction

In passive vibration control, the successful use of dynamic
vibration neutralizers (also called dynamic vibration
absorbers) is long recognized [1–4]. Particularly, it has
already been shown that dynamic vibration neutralizers
(DVN) of viscoelastic nature can be efficaciously designed
to optimally promote vibration control over an extended
frequency range and at a given temperature [5, 6]. However,
as viscoelastic materials are not only frequency but also
temperature dependent [2], detuning (operation away from
optimal conditions) can occur, reducing the performance of

the neutralizers. A feasible alternative would then be the use
of a hybrid (passive + active) vibration control scheme.

The interest in hybrid (passive + active/semiactive) vibra-
tion control systems has increased fast in the last decades
[7–13], especially because it has been observed that passive
and active control systems are well complementary [14, 15].
Additionally, the evolution of materials, sensors, actuators,
DSP’s, and signal transmission techniques has simplified
implementation and increased feasibility of application in
many areas of interest in vibration control.

A passive vibration control system (PVCS) usually con-
tributes robustness, while an active vibration control system
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Figure 1: Schema of a (a) conventional (b) viscoelastic dynamic vibration neutralizer applied to a primary system.

(AVCS) contributes flexibility. Thus, the association in
parallel (i.e., in the same frequency range) of these two
systems permits the design of a very high performance
hybrid vibration control system (HVCS), with robustness,
flexibility, and reliability.

In general, passive vibration control techniques are based
on fixed modifications of stiffness, mass, and/or damping
characteristics of the mechanical system of concern [4, 16].
These techniques, of relatively low cost, can provide great
results whenworking in stable environments.Their disadvan-
tage is, exactly, the reduced flexibility when anymodifications
or adjustments are needed.

On the other hand, fully active vibration control tech-
niques are based on strategies of destructive interference
[17]. They are commonly implemented through sensors,
actuators, and, particularly, a DSP (digital signal processor),
which is able to process some input information of concern
and generate the control action (based on the implemented
algorithm) to be applied to the mechanical system, in order
to reduce its original vibration.

In a feedback control approach, the controller works
with information on the vibration of the mechanical system
whereas, in feedforward control strategies, information on
the disturbance is of primary interest. In the latter, the capa-
bility of adapting the controller transfer functions, according
to some predefined criteria, is usually present, allowing any
modifications on the excitation and/or in the mechanical
system to be accounted for [18]. So, the key advantages of
active vibration control techniques are flexibility and, in some
cases, adaptability, at the expense of demand of external
power.

In this work, a hybrid vibration control system (HVCS)
is introduced and discussed, designed to attenuate vibrations
in a metallic beam under broadband excitation and variable
temperature. It combines a viscoelastic dynamic vibration
neutralizer (VDVN), of passive nature, with components of
fully active vibration control in an adaptive feedforward con-
trol approach (presented in [19]). Fundamental concepts on
those elements are given below, followed by the explanation of
the adopted methodology and the presentation of the results
concerning the effectiveness and adaptability of the hybrid
vibration control system.

It is shown that this association in parallel of a passive
vibration control system (PVCS) with an active vibration

control system (AVCS) handles successfully the matter of
detuning, given the adaptive nature of the AVCS. Besides, it
also extends and maintains, in most cases, the overall level
of vibration attenuation, over a broad frequency range. To
the authors’ knowledge, no such system has ever been clearly
presented as done herein.

2. Fundamental Concepts

2.1. Passive Vibration Control System (PVCS). In the current
application, the passive vibration control system (PVCS) con-
sists of a viscoelastic dynamic vibration neutralizer (VDVN).
As seen in Figure 1(a), in a simplified and usual form,
a dynamic vibration is a secondary system (in this case,
with mass 𝑚2, stiffness constant 𝑘2, and damping coefficient
𝑐2), added to a primary mechanical system (with mass
𝑚1, stiffness constant 𝑘1, and damping coefficient 𝑐1), the
vibration of which is desired to be controlled. In Figure 1(a),
𝑓(𝑡) is the excitation on the primary system, 𝑥1(𝑡) the
corresponding vibration, and 𝑥2(𝑡) the secondary system
(neutralizer) vibration. A dynamic vibration neutralizer can
be designed to work either in a tonal frequency or under
broadband excitation.

It should be stressed that the use of the above DVN
transforms the primarymechanical system (plant) into a two-
degree-of-freedom system, the natural frequencies of which
are different from those of the primary and the secondary
systems alone, according to designer’s interests.The damping
of the DVN is related to its frequency band of action. The
design parameters must be well chosen in order to attain a
good control system.

In the case of a viscoelastic neutralizer (VDVN), its
characteristics of stiffness and damping are determined by the
viscoelastic material employed in the device [5, 6, 20]. For a
single degree-of-freedom VDVN, represented in Figure 1(b)
by a lump of mass 𝑚2 and a viscoelastic spring, these
characteristics can be described by the complex stiffness 𝑘𝑛𝑐
of the viscoelastic spring, which is a function of frequency
and temperature and given by

𝑘𝑛𝑐 (𝜔, 𝑇) = 𝑘𝑛 (𝜔, 𝑇) [1 + 𝑗𝜂 (𝜔, 𝑇)] , (1)

where 𝑘𝑛(𝜔, 𝑇) is the dynamic stiffness, 𝜂(𝜔, 𝑇) the corre-
sponding loss factor, 𝑇 the temperature, and 𝜔 the frequency.
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Figure 2: Dynamic shear modulus and loss factor as functions of (a) frequency and (b) temperature.

The stiffness 𝑘𝑛𝑐 is complex and frequency and tem-
perature dependent because it is related to the modulus of
elasticity of the viscoelastic material, which is also complex
and frequency and temperature dependent. Each modulus
of elasticity can be written in terms of a dynamic modulus
and the corresponding loss factor, in the same way as the
complex stiffness. Figure 2 shows the typical behavior of the
dynamic shear modulus and the corresponding loss factor
of a viscoelastic material as functions of frequency and
temperature. The way the complex moduli of viscoelastic
materials can be modeled by fractional derivatives and then
experimentally determined can be found in [2, 21].

The single degree-of-freedom VDVN is characterized by
its antiresonant frequency,Ω𝑛, which is such that

Ω2𝑛 =
𝑘𝑛 (𝜔𝑛)
𝑚𝑛

, (2)

where 𝑘𝑛(𝜔𝑛) is the dynamic stiffness of the viscoelastic spring
at the antiresonant frequency Ω𝑛 and at a given constant
temperature.

TheVDVNcan be designed towork, in an optimal way, in
the so-called “transition band,” where the material loss factor
is maximum (see Figure 2). That implies a larger frequency
band in the vibration attenuation. The optimization process
seeks to determine the optimal antiresonant frequency, Ω𝑛
(which constitutes the design vector), by minimizing the
Euclidean norm of the vector composed of the maximal
absolute values of the principal coordinates of the primary
system, over the frequency range of concern (this Euclidean
norm is then the objective function).

The above optimization process, carried out by nonlinear
techniques, corresponds to the reduction of the frequency

response function amplitudes of the primary system in the
chosen range. It is highlighted that the VDVN is modeled
in the optimization process by the concept of generalized
equivalent parameters. By that concept, the compound sys-
tem (primary + secondary) is described only in terms of the
generalized coordinates of the primary system. The design
process is fully described in De Espı́ndola et al. [5], Espı́ndola
et al. [6], and Doubrawa Filho et al. [22] and is not repeated
herein for the sake of conciseness.

The PVCS (VDVN), as part of the HVCS investigated in
this work, is illustrated in Figure 3.

2.2. Active Vibration Control System (AVCS). An active vibra-
tion control system (AVCS) can be implemented in different
ways, regarding the architecture, control algorithm, types
of sensors and actuators, available signals, and operational
conditions. As previously mentioned, two basic control
approaches can be listed: feedback and feedforward [17]. The
latter is the one employed in the present work, given that
some knowledge on the primary excitation (disturbance) can
be acquired.

Generally speaking, the basic components of a feed-
forward control system are a sensor, which captures the
input (reference) signal related to the primary excitation, a
controller (or control unit), which processes the input signal
according to a given algorithm and generates the output
(control) signal, and an actuator, which applies the output
signal in the system to be controlled. There should also be a
second sensor, which captures the net response (error) signal.
In the current case, the controller consists primarily of a
digital finite impulse response (FIR) filter of adaptive nature.
The feedforward approach usually requires the use of adaptive
digital filters in order to track closely what happens to the
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Figure 3: Schema of the employed hybrid vibration control system.

system (plant) and generate an efficacious control signal of
destructive interference.

Finite impulse response (FIR) filters have, as opposed
to infinite impulse response (IIR) filters, the important
characteristic of stability; they have no poles in their transfer
function. The popularity of FIR filters can also be justified by
the fact that the corresponding optimal coefficients can be
obtained by an objective function of quadratic nature, with
a unique point of minimum. This point can be found in a
prompt way through an adaptive algorithm. In the case of IIR
filters, the objective function may have several local points of
minimum and the algorithm may converge to any of those
local points of minimum, instead of the global minimum
[15, 23]. However, as FIR filters are nonrecursive structures,
they can demand an excessive number of coefficients to
model systems with complex transfer functions, such as
vibratory systems with resonances within the frequency band
of excitation. It would not be the case of IIR filters, which
would require a reduced number of coefficients.

The FIR filter output (control) signal vector 𝑦 is given by
[23]

𝑦 (𝑛) =
𝑁−1

∑
𝑖=0

𝑤𝑖 (𝑛) 𝑥 (𝑛 − 𝑖) , (3)

where 𝑛 is the discrete time, 𝑥 is the input signal vector, 𝑁
is the filter size, and 𝑤 is the filter coefficient vector. In the
current work, the coefficients of the adaptive FIR filter (the
so-called main filter, which generates the control signal) are

obtained by a variant of the well-known LMS algorithm, the
FXLMSalgorithm.According to this approach, the coefficient
vector is updated at each iteration by [15, 23, 24]

𝑤 (𝑛 + 1) = 𝜐𝑤 (𝑛) + 2𝜇𝑒 (𝑛) 𝑥𝑓𝑠 (𝑛) (4)

with 𝑛 being the discrete time, 𝑤 the filter coefficient vector,
𝜐 the so-called leaky factor, 𝜇 the adaptation step size, 𝑒
the error signal, and 𝑥𝑓𝑠 the signal vector related to the
reference signal (disturbance) properly filtered by feedback
and secondary filters. That explains the acronym FXLMS,
which stands for filtered-𝑥 least mean square.

The AVCS, as part of the investigated HVCS, is displayed
in Figure 3. In that figure, the block𝑊(𝑧) represents themain
filter, as it is the 𝑧-transform of𝑤(𝑛), whereas the blocks �̂�(𝑧)
and �̂�(𝑧) represent the feedback path and the secondary path
estimation filters, respectively. It is observed that the filtered
reference signal 𝑥𝑓𝑠(𝑛) results from the successive filtering of
𝑥(𝑛) by �̂�(𝑧), which gives 𝑥𝑓(𝑛), and of 𝑥𝑓(𝑛) by �̂�(𝑧).

The concept and the fundamental importance of feedback
and secondary paths to the success of a practical imple-
mentation of an AVCS must be clear. The feedback path
estimation filter �̂�(𝑧) must be inserted in the controller in
order to filter the reference (input) signal 𝑥(𝑛) (which is
captured by the reference sensor) from the physical vibration
propagation from the control shaker to the reference sensor,
through the metallic beam. Thus, a “clear” reference signal
can be delivered to the controller, which is a control law
requirement. The secondary path �̂�(𝑧) takes into account
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all the dynamics inherent to the experimental setup, which
includes part of themetallic beam, alongwith the dynamics of
transducers, A/D and D/A converters, amplifiers, and analog
filters. These paths are considered in the algorithm through
digital FIR filters (nonadaptive), which estimate the real path
dynamics (see Figure 3).

According to the design theory of Wiener filters (which
are of stochastic origin), the optimal coefficients for FIR filters
result from theminimization of themean square error (MSE),
or

𝜉 = 𝐸 [|𝑒 (𝑛)|2] , (5)

where 𝑒(𝑛) is the error signal (see Figure 3) and 𝐸[⋅ ⋅ ⋅ ] the
expected value.

In adaptive filtering, as is the current case, the optimal
coefficients can be obtained iteratively by LMS (least mean
square) algorithms, regarded as practical solutions toWiener
filters [23] where the mean square error (MSE), which is the
objective function, is estimated by the instantaneous value of
the square of the error signal, in such a way that

𝜉 = 𝐸 [|𝑒 (𝑛)|2] ⇒

�̂� (𝑛) = 𝑒 (𝑛)2 .
(6)

Equation (4) is derived from the equation above and the
consideration of the feedback and the secondary paths.

It is observed in Figure 3 that the error signal results, in
this case, from the difference between the response to the
disturbance shaker and the response to the control shaker
(actuator). Both the reference sensor and the error sensor are
accelerometers.

The advantages of LMS algorithms are simplicity, reli-
ability, and robustness. On the other hand, a considerable
disadvantage is the high dependence of the input signal power
spectral density (PSD), so that the more uniform the input
signal PSD, the faster the convergence.

A MIMO (multiple input multiple output) application of
a very similar AVCS is implemented in an aircraft fuselage
section by Marra et al. [25], where the importance of
feedback path is reinforced, as well as the efficacious results
of the FXLMS algorithm in an adaptive feedforward control
strategy.

Another aircraft fuselage section is the plant used by
Griffin et al. [26] to demonstrate the feasibility of interior
cabin noise reduction via ASAC (active structural acoustic
control) and ANC (active noise control) using FXLMS and
PCLMS (two variants of LMS algorithm) in an adaptive
feedforward approach, where significant noise reduction is
obtained.

Zeng et al. [27] present the use of an adaptive feedforward
control framework similar to the AVCS employed herein. It
is aimed to suppress aircraft structural vibrations induced by
gust perturbations, a typical case where the primary system
(of aeroelastic nature) has its flexible modes shifted during
operation (mass/inertia changes, different atmospheric con-
ditions, etc.), demanding a “smart” algorithm to adapt its
control actions to the new system’s behavior.

19 18 2 1

Top view
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· · ·

Figure 4: Beam schematic view.

2.3. Hybrid Vibration Control System (HVCS). The above
PVCS and AVCS can be combined to form a hybrid vibration
control system (HVCS). Apart from dealing with the matter
of detuning of a viscoelastic device, an HVCS like this,
schematically shown in Figure 3, can offer greater reliability
as a global vibration control system, since, in case of fail-
ure or loss of performance of any “subsystem,” the other
one can maintain some overall vibration control level. The
methodology employed to implement and evaluate theHVCS
is presented in the next section.

3. Methodology

The system to be controlled (primary mechanical system, or
plant) is a 0.5 kg simply supported steel beam, the dimensions
of which are 930 × 23 × 3mm. A schematic view of the beam
is shown in Figure 4.

A previously performed theoretical and experimental
modal analysis on the beam provided complete information
about the dynamic behavior of the beam at all positions. It
led to the selection of the modes and the frequency range
of interest and also to the selection of the point in the beam
where to locate both the VDVN and the control shaker. The
4th, 5th, and 6th vibration modes of the beam are chosen
because they allow the design of a VDVN with a relatively
small amount of mass and compact viscoelastic elements,
resulting in a device of reduced size. As shown further
(Figure 10), several components of the experimental setup
(beam, supports, neutralizer, sensors, actuators, and others)
are placed and handled inside a temperature chamber and the
use of components of reduced size becomes a requirement. As
to the location of the VDVN and the control shaker, point 2
in the above figure is chosen because there are no nodes of the
4th, 5th, and 6th modes at that point, as required, and also by
experimental convenience.

The applied excitation signal is a white noise filtered
to a band of 200 to 430Hz. This signal, displayed in the
time and frequency domains in Figure 5, only excites the
vibration modes of concern of the beam, as shown in the
frequency response function (FRF) of Figure 6. In that figure,
the response is at point 1 and the excitation at point 19 (see



6 Shock and Vibration

Filtered signal, time domain

Filtered signal, frequency domain

−1
−0.6
−0.2
0.2
0.6
1

A
m

p
li

tu
d

e 
(V

)

−30
−20
−10

0
10
20
30
40

0 400 600 800 1000 1200 1400200

Frequency (Hz)

0.2 0.4 0.6 0.8 1 1.2 1.4 1.60

Time (s)

d
B

M
ag

 (
re

f.
1

V
)

Figure 5: Excitation signal (filtered white noise, 200–430Hz).
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Figure 4), being the corresponding FRF indicated as FRF
(1/19). This combination of response and excitation points
provides clear and expressive results and is selected as the
reference in this work.

The PVCS, a viscoelastic DVN with a steel lump of mass
of 0.0335 kg and two elements of butyl rubber 45 Shore
A, is optimally designed to act in the frequency band of
190 to 440Hz and at the temperature of 25∘C [28]. The
drawings of the VDVN are displayed in Figure 7 whereas the
viscoelastic material properties of the employed butyl rubber
are shown in the nomogram of Figure 8. This nomogram
is the standard plot for displaying dynamic properties of
viscoelastic materials [2]. As mentioned earlier, the VDVN is
installed at a point where there are no nodes for the vibration
modes of interest. The relative positioning of the VDVN and
of all the AVCS components (such as sensors and actuators)
can be schematically seen in Figure 3.

The controller is based on an Analog Devices board, the
EZ-KIT Lite ADSP 21161N, on which the FXLMS algorithm is
implemented. Before running the control tests, identification
routines for the secondary and feedback paths have to be
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performed, in order to have the FXLMS algorithm fully
implemented, as portrayed in Figure 3. Those paths are
identified through offline procedures [29] and the digital
filter associated with each path represents the corresponding
impulsive response. These filter coefficients are loaded into
the algorithm and kept constant, describing thus “static
filters” during the control tests.

It should be clear, however, that the main FIR filter,𝑊(𝑧),
is not “static” like the secondary and feedback filters, but
adaptive, with its coefficients being adjusted at each algorithm
iteration according to (4), in an online, real time updating
procedure.The use of online identification techniques for the
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Table 1: FXLMS optimal parameters for active-adaptive vibration
control.

𝑁 𝑁𝑠 𝑁𝑓 𝜐 𝜇
300 500 500 0,9999995 1,50𝐸 − 06

secondary and feedback paths, although not employed in this
investigation, is also possible and has already been reported
as advantageous [30].

As observed in Coan Jr. [28], in a previous implemen-
tation of an active-adaptive vibration control system, the
task of tuning the FXLMS algorithm is very important
and deserves special care, because of its high influence on
performance.The best tuning parameters found in this work,
after experimenting various alternatives, are shown in Table 1,
where 𝑁, 𝑁𝑠, and 𝑁𝑓 are the number of coefficients of the
main filter, 𝑊(𝑧); the secondary path filter, �̂�(𝑧); and the
feedback path filter, �̂�(𝑧), respectively.

In Table 1, it is observed that the main filter size (300
coefficients) is smaller than those of the secondary and
feedback filters (500 coefficients). The main filter is adaptive
and its coefficients have to well identify the plant’s behavior
at only one temperature, which is the current test temper-
ature. That is, the main filter performance is optimized at
each temperature. On the other hand, the secondary and
feedback filters are not adaptive and, consequently, their
performances are not optimized at each test temperature.
Thus, the corresponding filter coefficients must describe
satisfactorily the plant’s behavior at all test temperatures
without any change. That suggests that significantly smaller
secondary and feedback filters can be attained if they also
become adaptive. Smaller filters could improve the algorithm
effectiveness as a whole.

As previously mentioned, the digital filters intend to
represent the impulsive response of a specific system (for
instance, the plant, the secondary path, or the feedback path).
So, themore information is acquired by the digital filter about
the impulsive response of the system of concern, the higher
is the fidelity of such a digital model, that is, the better is the
quality of identification.

Figure 9 shows that, for a given filter size, a more damped
system is better identified by digital filters than a less damped
one. That is due to the amount of “meaningful information”
(in terms of impulsive response, ℎ(𝑡)) acquired by the digital
filters regarding the system under identification; that is, it
is possible to acquire more impulsive response information
from a highly damped system than from a lesser damped
system, as seen in Figure 9.Therefore, themain filter can have
its task of representing the mechanical system (the metallic
beam, in the case) facilitated by the presence of the PVCS,
given the damping it introduces in the compound system
and the relation between damping and length of impulsive
response.

The experimental setup, which allows all the investiga-
tions regarding the vibration control systems, is displayed in
Figure 10, inside the temperature chamber employed in the
measurements.

Low damped system

High damped system

Available digital
filter size

x (m)

x (m)

t (s)

t (s)

23% of h(t)

70% of h(t)

100% of h(t)

100% of h(t)

Figure 9: Portion of system impulsive response acquired with a
given digital filter size.
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Error
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Figure 10: Experimental setup inside the temperature chamber.

In a first stage, for the beam alone, the ratio of the
acceleration (at a point of the beam) to the disturbing
force is computed, in the frequency domain. That ratio is
denominated herein a response to force ratio (RFR). After
installing the VDVN and maintaining exactly the same
primary excitation (disturbance) applied before, it is possible
to evaluate the PVCS attenuation performance by computing
a response to force ratio (RFR) of the compound system
(beam + VDVN).
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An explanation should be given at this point. A response
to force ratio (RFR) is a ratio between the response at a
point in the system of concern and the disturbing force
at the same or at other points, in the frequency domain
[15]. This frequency function is introduced to provide a
common ground in which all the attenuation performances
can be compared. When only the disturbing force acts on the
system (beamalone or beam+VDVN), anRFR is a frequency
response function (FRF). When the disturbing force acts on
the system simultaneously to another external force as, in the
current case, the force of destructive interference, an RFR is
no longer an FRF. Even though the RFR reveals the changes
which take place in the system when the AVCS works on it
and allows valid comparisons to be made with other RFRs,
exactly the same disturbance force is applied on all the three
experimental setups (pure beam, beam+VDVN, and beam +
VDVN+AVCS).

After exclusively testing the PVCS, the AVCS is turned
on, so to act on the compound system (beam+VDVN),
and its additional contribution is evaluated by an RFR of
the global system (beam+VDVN+AVCS), still keeping the
same disturbance. All those tests are run at room temperature
(around 25∘C, the optimal VDVN design temperature).

The next stage is to test the adaptability of the main
digital filter of the AVCS, which is carried out by varying
the temperature under which the experimental setup is,
inside the temperature chamber, as seen in Figure 10. By
varying the temperature, it is expected that the VDVN
performance deteriorates and the coefficients of the main
filter are automatically adjusted in response to that, according
to (4), such that the AVCS still maintains a satisfactory
vibration level.

Those adaptability tests are performed at the tempera-
tures of 5, 15, 25, and 35∘C. At each test temperature, before
taking the measurements, a 30-minute interval is considered
to allow the temperature of the viscoelastic elements of the
VDVN to stabilize. All the RFRs are computed between the
error sensor location point (point 1) and the disturbance
actuator location point (point 19). Those locations are shown
in Figures 4 and 10.

The attenuations obtained in each test condition are
calculated according to (7). This equation, introduced in
this work, is used to verify the effectiveness of the vibration
control systems in their actions over the whole frequency
band of interest, in addition to the check in individual
frequencies, as usually done:

Att [dB] = 20 log10
{
{
{

[∑𝑗 𝑦2𝑗 (𝑓𝑗)]
1/2

[∑𝑗 𝑥2𝑗 (𝑓𝑗)]
1/2

}
}
}

. (7)

In the above equation, 𝑦𝑗 represents RFR (response to
force ratio) magnitudes along frequencies 𝑓𝑗, when any
control system is ON, that is, plant with any vibration
control system. As to 𝑥𝑗, it represents the corresponding
RFR magnitudes when that control system is OFF, that is,
plant without that vibration control system. In this context,
the term “vibration control system” can be applied either to
the PVCS or to the HVCS, bearing in mind the primary

FRF 1/19, viscoelastic DVN performance 

200 250 300 350 400 450150

Frequency (Hz)

0

5

10

15

20

25

30

35

40

45

Beam without DVN

With DVN, T = 15∘C

With DVN, T = 5∘C With DVN, T = 35∘C

With DVN, T = 25∘C

In
er

ta
n

ce
 (

d
B

, r
ef

.1
m

/N
·s
2
)

Figure 11: Passive vibration control system (viscoelastic DVN)
performance.

Table 2: VDVN performance (vibration attenuation), broadband
analysis.

Test temperature [∘C] RMS broadband attenuation [dB]
5 7,9
15 9,1
25 9,5
35 8,9

goal of dealing with the detuning of the PVCS. Equation (7)
represents the root mean square (RMS) value of the vibration
attenuation due to each particular vibration control system,
in the frequency band of concern.

The corresponding results are presented below.

4. Results

The results are as follows.

4.1. Passive Vibration Control System (PVCS). Figure 11
depicts the effectiveness of the VDVN over the frequency
band of interest, including the specific and characteristic
reductions at the resonance peaks.

It is expected that the VDVN performance varies
markedly with the temperature, due to the behavior of
the viscoelastic material (see Figures 2 and 8) and that is
confirmed. In a broadband analysis, which is carried out
with the aid of (7), there is loss of performance when the
temperature is different from the design value of 25∘C, as
observed in Table 2 and in Figure 11. In general, the farther
the temperature from the design value the worse the VDVN
broadband performance.

Considering the frequency and temperature ranges of
the current application (200 to 430Hz, and 5 to 35∘C, resp.)
and the frequency and temperature dependencies of a typical
viscoelastic material (particularly detailed in Figure 2), it is
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Figure 12: PVCS and HVCS performances at (a) 𝑇 = 5∘C, (b) 𝑇 = 15∘C, (c) 𝑇 = 25∘C, and (d) 𝑇 = 35∘C.

Table 3: VDVN performance (vibration attenuation), resonance peak analysis.

Test temperature [∘C]
Resonance peak

attenuation (4th mode)
[dB]

Resonance peak
attenuation (5th mode)

[dB]

Resonance peak
attenuation (6th mode)

[dB]
5 2,0 8,0 19,0
15 6,0 11,0 20,0
25 6,0 16,0 19,5
35 14,0 18,0 17,0

expected to observe higher VDVN sensibility to temperature
than to frequency variations. This is not only the more
practical but also the more revealing situation.

Focusing on the resonance peaks only, it is observed that
the greatest attenuations, regarding each mode of vibration,
do not occur at 25∘C, as recorded in Table 3. However,
it must be remembered that the viscoelastic DVN is not
primarily designed for tonal action but for broadband action

and that has to do with the amount of damping in the device.
In fact, for tonal passive control, an “undamped” vibration
neutralizer should be used instead.

4.2. Hybrid Vibration Control System (HVCS). The results
obtained with the PVCS and the HVCS (comprising both
passive and the active-adaptive vibration control systems)
are shown in Figure 12, for various temperatures. It can
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Table 4: PVCS and HVCS performance (vibration attenuation
related to the uncontrolled beam vibration levels), broadband
analysis.

Temperature
Control system

Passive
[dB] Hybrid [dB] Difference (HVCS to

PVCS) [dB]
5∘C 7.9 16.8 8.9
15∘C 9.1 19.4 10.3
25∘C 9.5 19.4 9.9
35∘C 8.9 19.9 11.0

be observed in the corresponding curves that the PVCS
(VDVN) generally produces a small lateral displacement of
the resonance peaks, apart from the characteristic “smooth-
ing.” These effects are typical in cases of damping addition.
When the AVCS is turned on and the full HVCS is in
place, drastic modifications are observed on the RFR curves,
especially at the resonance peaks and at frequencies where
antiresonances are introduced in those curves (there is a
supplementary material, a video (in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/5375309),
which shows, in real time, the AVCS actuating on the beam
with PVCS, since the moment it is turned on until the final
condition of the system, when the RFRs assume the shapes of
Figure 12).

The marked control action at the resonance peaks after
the AVCS is turned on can be explained as follows. The
control signal generation is based on an online plant identifi-
cation method and this makes the highest energy frequency
components of the system response (the resonance frequen-
cies) to be carried to the main filter coefficients. Thus, the
control signal is generated with the same characteristics; that
is, the control signal has the same highest energy frequency
components as the plant response. Hence, when the control
signal is reintroduced into the system (see Figure 3), its action
is more efficacious exactly at the resonance peaks.

Table 4 presents the performance of the PVCS and the
HVCS at each test temperature, considering the vibration
attenuation at the frequency band of interest calculated
according to (7), whereas Table 5 presents the attenuations
at each resonance frequency, given the associated vibration
mode.More expressive values are observedwhen considering
the performance of the vibration control systems by the
attenuation at the resonance peaks (see Figure 12 andTable 5).
In some cases, the attenuation when the HVCS is in place is
around a massive 34 dB.

Tables 4 and 5 may induce comparisons between the
PVCS and the AVCS (recalling that the HVCS comprises
both the PVCS and the AVCS). However, this comparison
is not adequate because the AVCS always works along with
the PVCS. The PVCS is applied to the metallic beam alone,
but the AVCS is applied to the metallic beam with the PVCS,
a “new plant” for which the mass, damping, and stiffness
characteristics are different from those of the metallic beam
alone. So, the PVCS and AVCS work over different plants, in
such a way that their performances should not be compared.
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Figure 13: Error sensor time history.
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Tables 4 and 5 help to illustrate (once more) the effectiveness
of the VDVN (as a robust passive vibration control system)
and also to demonstrate that the inclusion of the AVCS is
a feasible solution for the detuning inherent to the VDVN
when it undergoes temperature variations. As shown in
those tables, when the AVCS works along with the PVCS
(forming the HVCS), the VDVN detuning is no longer a
problem, because the AVCS can compensate the VDVN loss
of performance. In fact, the combination of the PVCS and
the AVCS provides expressive results in terms of vibration
attenuation over all the temperature and frequency ranges of
operation.

The behaviors of the vibration control systems are also
monitored through the error sensor signal, in the time
domain, as displayed in Figure 13. Those curves reinforce the
greater efficacy of the HVCS.

The adaptation capability introduced by the AVCS, as
part of the HVSC, can be inferred from the above results.
However, in order to make this point even more clear and
help to visualize how the FXLMS algorithm handles the main
filter coefficients to generate the best control signal at each
test condition, the values of the main filter coefficients are
traced at each test temperature. The results are presented
in Figure 14, where the adaptability of the AVCS is clearly
observed, in response to the changes in dynamic behavior
undergone by the plant due to the temperature dependence
of the VDVN.
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Table 5: PVCS and HVCS performance (vibration attenuation related to the uncontrolled beam vibrations levels), resonance peak analysis.

Temperature [∘C] Vibration control system Vibration mode
4th [dB] 5th [dB] 6th [dB]

5 Passive 2,3 7,7 19,3
Hybrid 0,0 25,6 34,1

15 Passive 6,2 10,8 20,0
Hybrid 11,5 24,6 32,2

25 Passive 6,2 15,5 19,5
Hybrid 13,3 24,3 29,1

35 Passive 14,0 18,6 17,0
Hybrid 17,8 24,7 30,6

5. Conclusions

The vibration attenuation performance and robustness of the
PVCS (VDVN), as well as its expected changes in dynamic
behavior under frequency and temperature variations, are
verified oncemore.That adds to the long and successful chain
of broadband applications in which the same technique for
VDVN design is employed [5, 6, 20].

The adaptive behavior of the AVCS becomes well char-
acterized when there are changes in the compound system
(metallic beam+VDVN) due to the variation in temperature,
confirming and extending some previous efforts of tonal
nature [28]. In most cases, the filter coefficients are adjusted
in such away that theVDVN loss of performance by detuning
is compensated and an extended global vibration attenuation
at around 19 dB is maintained. Even when that level is not
reached, a very significant effort is clearly made by the AVCS.

It is worth mentioning that the adaptive capability is very
important to compensate not only system modifications but
also some modeling errors or inaccuracies in design, thereby
improving the applicability of the AVCS. It is understood
that improvements on the quality and effectiveness of the
FXLMS algorithm will be achieved if the “static” secondary
and feedback filters become adaptive as well.

It is also pointed out that the damping characteristics
of the mechanical system under control, altered by the
insertion of the VDVN, are an important factor for the order
(number of coefficients) of the employed FIR filters and for
the FXLMS effectiveness. In fact, when a VDVN is inserted
in a mechanical system, this system becomes more damped,
with impulsive response functions of smaller nonzero length.
As the AVCS is applied to this more damped plant (beam
with VDVN), the FIR filters can be of reduced order. That
has a direct impact on the convergence of the employed LMS
algorithm.

Finally, the HVCS, comprising both the above PVCS and
AVCS, reveals itself as a powerful alternative in vibration
control, inwhich the advantages of each particular system can
be well associated in order to have an adaptable, flexible, and
robust global control system, of reduced cost.This association
also contributes to a more reliable control system, where the
responsibility is shared between its component systems and
some overall vibration control level can still be maintained in
case of failure of any of those systems.
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