Chapter 1
Introduction to Adaptive and Robust Active
Vibration Control

1.1 Active Vibration Control: Why and How

Vibrations are present almost everywhere and their presence often causes problems
for the operation of the various systems. Vibrations are disturbances that affect a
system (see also [1, 2]). They have a variety of origins, some examples of which are:
geological disturbances, traffic, mechanical engines, motor operation, and electrical
drives.

High-precision measurements, high-precision drives (like memory disc drives,
Blu-ray, DVD and CD drives), photo and video cameras, and stabilized platforms
require solutions for keeping the effect of these disturbances at a very low level. In
transport systems (ground, water, or air) the vibrations can have a destructive effect
and they also affect the comfort of the passengers. Reduction of vibration effects is
mandatory in manufacturing systems and stabilized platforms in which the tolerances
imposed on their various tasks are of a similar magnitude to the effect of the vibration.

The use of passive vibration absorbers (fluid dampers, elastomers, and so on)
is a well-known solution but unfortunately not sufficient in many cases for assur-
ing the desired level of attenuation over the desired frequency range. Semi-active
(semi-passive) dampers, for which the properties of the absorbing material can be
changed allow an improvement of the expected performance in some cases; however,
when high-performance attenuation is needed an active control solution should be
considered.

From a mechanical point of view, one makes a distinction between active vibration
isolation and active vibration control (AVC). In active vibration isolation, an active
damper (suspension) is inserted between the source of vibration and the mass that has
to be isolated. In active vibration control a force, which will counteract the effect of
the incoming vibrations, is generated through an actuator driven from the available
measurements (force or acceleration) of disturbance. In short, the compensating force
should be of the same magnitude but in opposite phase.

An active hydraulic isolation system is presented in Fig. 1.1. The size of the main
chamber of the elastomer cone located between the source of vibrations and the
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Fig. 1.1 Active isolation system used to reduce the effect of vibrations on the chassis

chassis is modified by the effect of a piston controlled through a linear motor (which
develops a force). An AVC system is shown in Fig. 1.2. In this example, the objective
is to reduce the vibrations created by the motor at the level of the chassis. By means
of actuators, an opposite vibration force is introduced' to the chassis with a shift
phase of 180°.

Vibrations are usually measured by accelerometers or force sensors. Actuators
are typically active dampers, inertial motors (working on the same principle as loud-
speakers), piezoelectric actuators.

From a control point of view, active vibration control and active vibration isolation
are almost identical problems that can be solved using feedback control or feedfor-
ward disturbance compensation if information on the disturbance is available.

Another problem, related to active isolation, is the active damping. Despite the fact
that they provide good attenuation over a wide band of frequencies, passive dampers
have a significant resonant peak at a certain frequency in the range of operation.
Adding active damping by feedback will correct this feature. Figure 1.3 illustrates
this behaviour by showing the power spectral density (PSD) of the residual force
without and with active damping. One can see that the resonance effect around 30 Hz
has been attenuated with negligible deterioration of the damping performances at
other frequencies. Active damping consists of damping the corresponding vibration
mode without changing its frequency.”

In active vibration (isolation) control one distinguishes between two “paths”:

In these two examples the actuators are driven by a feedback controller, but in other cases the
actuator can be driven by a feedforward compensator.

2Light mechanical structures are characterized by multiple low damped vibration modes. These
modes have to be damped since on the one hand they can become a source of vibration and on the
other environmental disturbances can lead to inadmissible movements of the structure.
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Fig. 1.2 Active vibration control used to reduce the effect of vibrations on the chassis
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e the “primary path” through which the disturbances propagate towards the system;
and
e the “secondary path” through which the compensation effect is applied.

Since from a control point of view there are no differences between active isolation
and active vibration control we will use the generic term “Active Vibration Control”
(AVO).

The principles of AVC and active noise control (ANC) are similar. Of course
the range of frequencies and the type of instrumentation involved are different but
the same control techniques can be used; however, the present book will focus on
adaptive and robust active vibration control and the applications will concern this
field.
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The books [3, 4] give a compact and clear presentation of the origin and evolution
of active vibration control techniques. It should be mentioned that these techniques
have often been invented by researchers in the areas of vibration isolation and signal
processing. The book [5] focuses on the dynamic modelling of active structures from
physics equations and develops continuous-time feedback strategies based on these
models.

The interest of the automatic control community in AVC is much more recent (it
started essentially in the 1990s). The objective of the present book is to look at the
problem of AVC from the perspective provided by automatic control methodology.
From this perspective, the vibrations that we would like to attenuate strongly (or
eliminate) are generically termed “disturbances”.

Two of the major objectives of automatic control are:

e attenuation (or total rejection) of disturbances by feedback and feedforward
actions; and
e damping of vibration modes.

These two problems are different. Adding damping is related to the assignment by
feedback of desired closed-loop poles while strong attenuation (or total rejection) of
disturbances are related to the introduction of the disturbance model in the controller
(the internal model principle).

In AVC and ANC, disturbances can be characterized by their frequency content
and their location in a specific region in the frequency domain. The disturbances can
be of narrow-band type (simple or multiple) or of broad-band type. Of course, a
combination of both is possible and, in certain cases, what we call broad-band may
be several finite-band disturbances over separated small regions in the frequency
domain; however, the distinction between these two types of disturbances is conve-
nient in order to examine the techniques used for their compensation.

Fundamentally, in active control a compensator system is introduced, which will
generate a “secondary” source. This compensator (acting through the “secondary
path”) will, when conveniently driven, interfere destructively with the disturbance
coming from the “original” (in general non-accessible) primary source through what
is called the “primary path”. In the control terminology the “secondary path” is
the plant to be controlled in order to reduce, as much as possible, the effect of the
disturbance on the controlled output, which in the case of AVC is the measured
residual acceleration or force. To achieve this, generically a feedback controller will
be used (see Fig. 1.4).

An important concept, which allows one to assess the disturbance attenuation
properties, damping of the vibration modes, stability of the feedback control loop,
and robustness, is the so-called “output sensitivity function” (the transfer function
between the disturbance and the measured output, i.e. between p(¢) and y(¢) in
Fig. 1.4). There are some fundamental issues when approaching the problem of atten-
uating the disturbances by feedback. The first is related to the properties of the famous
“Bode integral” on the modulus of the output sensitivity function expressed in dB,
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Fig. 1.4 Block diagram of active vibration compensation by feedback

which has value zero if the system is open-loop stable® (i.e. the sum of the areas
above and under the 0 dB axis taken with their sign is zero). Since the objective is
to strongly attenuate (or even totally reject asymptotically) the disturbance, this may
require significant holes (low values) in the magnitude of the sensitivity function,
which in turn (even with a very careful design) may lead to an unacceptable “water
bed” effect, both in terms of performance (one amplifies at certain frequencies where
some disturbance can still be present) as well as in terms of robustness (the modulus
margin may become unacceptable*). Figure 1.5 illustrates the Bode Integral. As the
attenuation is augmented in a certain frequency range, the maximum of the modulus
of the output sensitivity function increases. Therefore there are inherent limitations
in using feedback for active vibration control.’

A fundamental result in feedback control, which is of great interest for the problem
of vibration attenuation, is the “internal model principle” (IMP), which stipulates that
the disturbance will be asymptotically cancelled if, and only if, the controller contains
the “model of the disturbance”.

This brings in view the concepts of “plant model” and “disturbance model”. In
order to design the feedback controller properly, knowledge of the “plant model” and
the “disturbance model” is necessary. The control methodology is a “model-based
design” known as MBC (model based control).

One should distinguish between a “knowledge plant model” and a “dynamic
plant model”. The “knowledge plant model” is obtained from the law of physics and
mechanics describing the operation of the compensator system. Unfortunately, these
models are often not precise enough, since on one hand their precision depends on
the perfect knowledge of some physical parameters (which is hard to get) and on
the other hand it is difficult to model all the elements constituting the compensator

3Both the controller and the plant to be controlled are stable.

“4The modulus margin is the minimum distance between the open-loop transfer function hodograph
and the Nyquist point and is equal to the inverse of the maximum of the modulus of the sensitivity
function [6].

SFor example, narrow-band disturbances can be rejected by feedback up to a certain number while
keeping an acceptable profile for the output sensitivity function (at least 3 or 4—see [7] and
Chap. 13). Sufficiently “narrow” finite-band disturbances can also be handled by feedback alone.
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Fig. 1.5 Modulus of the output sensitivity functions for various attenuations

system. For this reason one uses what is called the “control dynamic plant model”, i.e.
a kind of filter (parametric model) that describes the dynamical relationship between
the variations of the control input and the variations of the output of the system. This
kind of model, necessary for design, can be obtained directly from an experimental
test using the techniques of “System Identification” (this will be discussed in Chaps. 5
and 6).

In most AVC systems the characteristics of the compensator systems remain
almost unchanged during operation. This means that the associated dynamic con-
trol model remains almost unchanged and therefore the parameters of the identified
model are almost constant.

Nevertheless, for controller design we need the “model of the disturbance” in
addition. A common framework is the assumption that the disturbance is the result
of white noise or a Dirac impulse passed through the model of the disturbance. The
knowledge of this model together with the knowledge of the model of the secondary
path (compensator) allows the design of an appropriate control strategy. In practice,
in most of the cases the characteristics of these disturbances are unknown or time-
varying. While in some particular cases (with a limited range of variations in the
frequency of the vibrations) a robust design can be considered (see the example
given in Sect. 11.3 as well as [8—10]), in most situations, as a consequence of the
high level of attenuation required, an adaptive approach is necessary to obtain a good
tuning with respect to the disturbance characteristics (note that the adaptive loop can
be added on top of a robust controller—see Sect. 12.2).

When the limitations induced by the Bode integral do not allow the achievement
of the desired performances by feedback (in particular for the case of broad-band dis-
turbances), one has to consider adding a feedforward compensation, which requires
a “source” correlated with the disturbance to be attenuated.®

The source is located upstream with respect to the location where the residual force (acceleration)
or noise is measured.


http://dx.doi.org/10.1007/978-3-319-41450-8_5
http://dx.doi.org/10.1007/978-3-319-41450-8_6
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In a number of applications of AVC and ANC, an image of the disturbances (a
correlated measurement) acting upon the system can be made available. This informa-
tion is very useful for attenuating the disturbances using a feedforward compensation
scheme; however, the feedforward compensator filter will depend not only upon the
dynamics of the compensator system (the plant) but also upon the characteristics of
the disturbances and of the primary path (the transfer function between the source
and the residual acceleration or force).

1.2 A Conceptual Feedback Framework

Figure 1.6 represents an active noise and vibration control (ANVC) system using
both feedforward and feedback compensators. The system has two inputs and two
outputs. The first input is the disturbance w(t), which is generated by the unknown
disturbance source s(¢) passed through a filter with unknown characteristics. The
second input is the control signal, u(t). The first output is the measurement of the
residual acceleration (force, noise) e(t) (also called the performance variable) and
the second output is a signal correlated with the unknown disturbance, y;(t) in
Fig. 1.6. This correlation is a result of the physical characteristics of the system.

As shown in Fig. 1.6, the path that transmits the filtered disturbance, w(¢), to the
residual acceleration is called the primary path. The control signal, on the other hand,
is transmitted to the residual acceleration through the secondary path. The residual
acceleration (the performance variable) is formed by addition between the output of
the primary path, denoted x (¢), and the output of the secondary path, denoted z(¢).

In general, ANVC systems also present a positive coupling path (also called the
reverse path) between the control signal u(¢) and the measured signal y;(¢), which
is shown in Fig. 1.6. This results in an internal positive feedback that can destabilize
the ANVC system if not taken into account. The objective is that of minimizing the
performance variable, e(t), and stabilizing the system, by computing an appropriate
control, u(t), based on the measurements e(z) and y; (¢).

One can see that, in the control system architecture presented in Fig. 1.6, the
control signal u(¢) is obtained by the subtraction of the feedback control, u,(t), from
the feedforward control, u,(t). The measurements obtained from the system can be
putinto a vector form as y(¢) = [y;(¢), y2(1)]” = [y1(¢), e(t)]”. As a consequence,
the controller also has a vector representation xk = [N, — K 17, where N and K
denote, respectively, the feedforward and the feedback compensators.

With this notation, the equation relating the measurements to the control signal is
given by

u(®) = ui(t) —uz(t) = N -yi(t) = K - yo(t) = " - y(0). (1.1)
The feedforward controller denomination attributed to N is motivated by the fact

that y;(¢), called the correlated image of the disturbance, is measured upstream
of the performance variable (see the bench test described in Sect.2.3). This also
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Fig. 1.7 Generalized ANVC system representation

assumes that it is physically possible to obtain such a measurement. The situations
where this is not possible constitute feedback control problems, while the others
are more generally referred in the literature as hybrid control. A standard feedback
representation in the form of a 2-inputs—2-outputs system as shown in Fig. 1.7 can
also be considered. This representation is very well known in robust and optimal
control (see also [11]).

The equations associated with the feedback system representation are

o] [ o b ][] - 2 ] W)
y() Py Py | [u(t) plg [Lv@OL '

where D, G, and M correspond to the models of the primary, secondary, and reverse
paths. The control is given by (1.1).
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1.3 Active Damping

As indicated previously, active damping concerns augmentation of the damping of
some vibration modes characterizing a mechanical structure (the frequencies of these
modes are not changed). Nevertheless, damping of these low-frequency vibration
modes will influence the “output sensitivity function” as a consequence of the Bode
integral property. Adding strong damping at a resonance will induce a deterioration of
the attenuation performances in the nearby frequency region. In fact active damping
requires careful shaping of the output sensitivity function in order to bound the loss
of performance at other frequencies by distributing the “water bed” effect across a
wide frequency band (see Fig. 1.3).” The design of active damping will be discussed
and illustrated in Chap. 10.

1.4 The Robust Regulation Paradigm

In the context of AVC (as well as for ANC) the primary sense of robustness is the
capacity of attenuating disturbances located in a given range of frequencies but whose
frequency characteristics are not exactly known. The characteristics (the model) of
the disturbances are generally unknown and may be time-varying. As a consequence,
their location in the frequency domain will change. It is not possible to design a robust
linear controller that introduces a strong attenuation over a wide frequency range (as
a consequence of the Bode integral). Therefore, a compromise is required between
the width of the frequency region where the disturbance may be located and the
attenuation that can be achieved. If one absolutely needs a strong attenuation, the
tolerated range of frequency variation will be small. Conversely, if there is great
uncertainty in the location of the disturbances in the frequency domain, then the
attenuation that can be achieved will be small.

The secondary sense of robustness is the capacity of the linear controller to handle
small uncertainties on the system model parameters in the vicinity of their nominal
values. The system parameter uncertainties will be handled by respecting constraints
on the modulus of the output and input sensitivity functions.®

The situations where a robust controller solution for AVC provides satisfactory
results in practice, depend upon the compromise between the level of attenuation
required and the range of frequency variations of the disturbances (see Chap. 11 for
applications of linear robust control design).

"The resulting controller may be of high order and this raises the problem of controller order
reduction, which will be discussed in Chap. 9.

8The input sensitivity function is the transfer function between the disturbance p(r) and the control
input u(t) (see Fig. 1.4).
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1.5 The Adaptive Regulation Paradigm

Since the characteristics (the models) of the disturbances are generally unknown
and may be time-varying over a wide frequency range, often a single robust linear
controller that achieves the desired attenuation cannot be designed. In such situations
adaptive feedback or feedforward compensation has to be used.

Figure 1.8 illustrates the adaptive attenuation of disturbances by feedback. In
addition to the classical feedback loop an adaptation loop tunes the parameters of
the controller in real time. In order to do so, it uses, as primary information, both the
residual acceleration (force), which is a performance variable, and the control input.

Figure 1.9 illustrates the adaptive rejection of unknown disturbances by feedfor-
ward compensation. A “well-located” transducer can provide a measurement highly
correlated with the unknown disturbance (a good image of the disturbance). This
information is applied to the control input of the secondary path through an adaptive
filter whose parameters are adapted so as to minimize the effect of the disturbance
on the output.

Adaptive feedforward vibration (or noise) compensation is currently used in AVC
and ANC when an image of the disturbance is available [12].

Nevertheless, at the end of the 1990s it was pointed out that in most of these
systems there is a physical “positive” feedback coupling between the compensator
system and the measurement of the image of the disturbance (vibration or noise)
[13-16] (see also Sect. 1.2).° The inherent internal physical positive feedback may
cause instability of the AVC or ANC systems. As a consequence, the development
of adaptive algorithms for feedforward compensation should take into account the
internal positive feedback.

So at this point one can say that one has two types of disturbances:

This will be illustrated on the experimental platform that will be presented in Sect. 2.3.
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Fig. 1.9 Adaptive feedforward compensation of unknown disturbances

e single or multiple narrow-band disturbances; and
e broad (finite)-band disturbances;

and two approaches for doing adaptive disturbance attenuation:

e the adaptive feedback approach (which only requires a measurement of the residual
force or acceleration); and

e the adaptive feedforward compensation (requiring an additional transducer for
getting a correlated measurement with the disturbance).

In addition, there are two possible modes of operation:

e self-tuning operation (in which the adaptation procedure starts either on demand
or when the performance is unsatisfactory and ends when the new controller is
estimated); and

e adaptive operation (in which the adaptation procedure is performed continuously
and the controller is updated at each sampling).

As indicated earlier, a common framework is the assumption that the disturbance
is the result of white noise or a Dirac impulse passed through the model of the dis-
turbance. Knowledge of this model allows the design of an appropriate controller.
In general, the structure for such a model of disturbance does not change and can be
assessed from data (using spectral analysis or order estimation techniques); however,
the parameters of the model are unknown and may be time-varying. Therefore adap-
tation has to deal with the change in the parameters of the model of the disturbance.

The classical adaptive control paradigm deals with the construction of a control
law when the parameters of the plant dynamic model are unknown and time-varying
[17]. Nevertheless, in the present context, the plant dynamic model is almost invariant
and it can be identified. The objective then is the rejection of disturbances charac-
terized by unknown and time-varying disturbance models. It seems reasonable to
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call this paradigm adaptive regulation. Classical adaptive control focuses on adap-
tation of the controller parameters with respect to plant model parameters while
adaptive regulation focuses on adaptation of the controller parameters with respect
to variations in the disturbance model parameters.

In adaptive regulation the plant model is assumed to be known (obtained, for
example by system identification). It is also assumed that the possible small variations
or uncertainties of the plant model can be handled by a robust control design.

Adaptive regulation covers both adaptive feedback compensation and adaptive
feedforward compensation since, on the one hand, adaptation has to deal with the
change in the characteristics of the disturbances and, on the other hand, adaptive
feedforward compensation is still a feedback structure as a consequence both of the
internal positive coupling and of the presence of the adaptation loop, which is driven
by the residual error.

The problem of adaptive regulation as defined above has been previously addressed
in a number of papers ([18-28]) among others. Landau [29] presents a survey of the
various techniques (up to 2010) used in adaptive feedback regulation as well as a
review of a number of applications.

An international benchmark on the attenuation of multiple and unknown time-
varying, narrow-band disturbances by feedback has been organized. The test bench
was the AVC system that will be presented in Sect. 2.2. The results are summarized
in [7] and allow the comparative evaluation of various designs.

1.6 Concluding Remarks

In order to reduce the impact of vibrations, one has several solutions related to the
demanded performance:

e Passive: use materials with vibration attenuation properties.

e Semi-active: change the attenuation properties of the materials used for attenuation.
e Active: use compensation force to counteract vibrations.

e Robust AVC: when the characteristics of the vibrations are almost known and their
domain of variation is small.

Adaptive AVC: when the characteristics of vibrations are unknown and/or time-
varying over a significant frequency range and high attenuation is required.

Design of robust AVC requires the model of the disturbances (and their domain
of variation) as well as the models of the secondary path (for the feedback and
feedforward approach) and of the primary path (for the feedforward approach).

Design of adaptive active vibration control does not require either the model
of the disturbance or the model of the primary path.


http://dx.doi.org/10.1007/978-3-319-41450-8_2
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1.7 Notes and Reference

The books [3-5] offer complementary perspectives to AVC and provide many practi-
cal examples. In particular the modelling aspects starting from basic laws of physics
are enhanced.

Comparative evaluation of various techniques proposed is important. The Euro-
pean Journal of Control, no. 4, 2013 [7] is dedicated to a benchmark on adaptive
attenuation of unknown and time-varying multiple narrow-band disturbances. The
reference [30] should also be considered.

The references [29, 31-36] survey various aspects of AVC. Specific references
related to the various topics will be provided at the end of the corresponding chapters.

Itis not the objective of this book to provide an exhaustive reference list presenting
applications of adaptive and robust AVC but a limited list of references covering
applications in a number of fields include [3, 4, 26, 29, 37-44].

The special issue of International Journal of Adaptive Control and Signal Process-
ing on adaptive frequency estimation with applications [45] gives a view of some
recent research results in the field. This special issue includes [46-53].
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