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Abstract

Vibrations of cultural objects due to different sources (transport, exhi-
bitions, local works) have recently been raising more and more interest
from the heritage community. Consequently, the development of anti-
vibration protection systems has become a major issue. However, most
of the proposed solutions suffer from a lack of adaptability, practical-
ity and effectiveness. To overcome these limits, this paper investigates
the possibility to design a vibration control system based on the
active control technique, whose purpose is to cancel out the distur-
bance vibration by creating an opposite vibration. This approach, which
allows to control vibrations without contact to the object, is partic-
ularly suitable for heritage objects protected by cultural ethics rules.
To test the feasibility of this approach, an experimental demon-
stration bench including a reproduction of a museum shelf and



an active control device, composed of sensors and an electro-
dynamic actuator, is developed. Vibration source signals simi-
lar to those previously measured in situ are applied to the
shelf by a vibration exciter. A classic control algorithm, the Fil-
tered Least Mean Square, is used to control the shelf vibrations.
Results point out that the control device is able to reduce the
amplitude of harmonic, respectively broadband, primary sources by
374 dB in 0.15 seconds and by 14.0 dB in 0.67 seconds. Further-
more, the system is robust to both amplitude and frequency content
changes. Finally, a parametric study shows that the greatest vibration
attenuation and the fastest control cannot be achieved simultane-
ously, so the algorithm parameters must result from a compromise.

1 Introduction

1.1 Vibrations of cultural heritage objects

Over the last decades, the cultural heritage community has gradually become
aware of the need to protect heritage objects from vibrations, which can repre-
sent a potential threat for different reasons. In case of light objects, the energy
of vibrations can be high enough to make them move on their stand, with
the risk of striking other artefacts or even falling out of the stand. Hopefully,
the object’s movement is usually slow and museum staffs notice the displace-
ment before a dramatic event happens. However, a less obvious consequence of
vibrations is to apply stresses, which in turn induce strain and might initiate
the propagation of cracks in the material [1].

Sources of vibrations faced in a cultural heritage context are numerous and
multifaceted. Vibrations generated by trucks, planes or trains when objects
are transported have been receiving a lot of consideration since the early 90’s
[2-6]. When objects are exposed or stored in museums, most common sources
of vibrations are created by public constructions [7—12] and public transports
nearby [13-17]. In some conditions, concerts nearby museums [18, 19], auxil-
iary devices such as fans and air conditioning units [16] and visitors’ footsteps
[20] can also be harmful for the objects. Vibrations during objects transporta-
tion have been reported to be between 10 and 100 Hz [2-5], while vibrations
measured in museums range from 10 to 200 Hz [10, 11, 16, 18, 19, 21-23]

1.2 Protection systems for artworks: an overview

Over the last thirty years, different solutions to protect cultural objects from
vibrations have been developed. To ensure objects safety during road trans-
portation, wooden boxes filled with cushion materials such as foams are
traditionally used. Most of the time, the size of the boxes as well as the mate-
rial and its dimensions are chosen based on the experience of the manufacturer.
However, these protective systems can be counterproductive if not designed



carefully [4, 5]. In order to make consistent and effective protective boxes, an
empirical approach based on measurements during transportation has been
proposed in previous works [2, 3, 5]. The effectiveness of this strategy, although
proven by the results, depends on many factors such as the position of the box
inside the truck. To overcome these limits, an integrated approach including
complete 3D scan of the object, finite element analysis and rapid prototyping
has been proposed [6] to build customed packages, which take into account
both the artefact geometry and its points of fragility.

Most of the cultural objects exposed or stored in museums are either
suspended from or laid on a base. In the case of paintings, several studies
investigate the use of backing boards as anti-vibrations protective systems
[4, 24, 25]. Their performance ranges from highly effective to counterproduc-
tive, depending on many parameters (board material, distance between the
board and the painting...). In addition, numerical simulations hardly predict
the experimental behaviour. Genevaux [26] introduced a procedure for design-
ing anti-vibratory systems for stretched paintings with a flexible mounting
placed between the wall and the canvas. An equivalent system has then been
proposed by Higgit [10], with dampers made of viscoelastic elements added
to the hangers of paintings. Although these systems reach their anti-vibration
objectives, they require a preliminary study to adapt to the physical character-
istics of the paintings. Regarding objects laying on a base, isolating elements
such as foams, springs or anti-vibratory rubbers placed between the floor and
the base have been extensively studied to mitigate vibrations [7, 8, 15]. Some
works also propose to experimentally study the floor behaviour [16], in order
to place the object where the vibration level is minimum. Finally, magnetic
levitation systems can be used to mitigate vertical vibrations of light statues
[27].

When it is not possible to directly protect an artefact with usual systems,
or when vibrations impact the whole building, one often chooses to protect
structural elements of the building instead of designing protection systems on a
case-by-case basis. For instance, tuned mass dampers can be fixed to the floor
in order to absorb and dissipate energy [8]. Higher performances can be reached
by attenuating the propagation of solid waves through public works solutions:
for instance, it is possible to increase the floor stiffness by adding columns sup-
ported on spread footings below the basement slab [20]. To reduce vibrations
transmitted by underground railway tracks at Musée d’Orsay (Paris, France),
a study [14] was conducted to choose the most effective track coating. At Villa
Farnesina (Rome, Italia), a structural restoration of the floor has been per-
formed by adding a thick concrete base with added damping properties [17].
A noticeable case has also been provided by the Museum of the Viking Age
(Oslo, Norway), which decided to build concrete screen walls in the ground
to reflect vibrations created by a construction site nearby [12]. Furthermore,
the case of construction works is somehow special because it offers muse-
ums the opportunity to anticipate a solution. Thus, a methodology called
“Integral Approach”, which emphasizes the importance of constant vibrations



monitoring and good communication with construction supervisors, has been
developed and improved over years [7—11, 21].

1.3 Active control basics

All the solutions described in the previous section are based on passive control
strategies: they use the physical properties of materials, such as damping,
mass and stiffness, to mitigate vibrations. In the literature, passive solutions
are often distinguished from active control strategies [28, 29] which mitigate
vibrations by means of electronic components which bring energy.

The principle of active control is to cancel out the vibrations suffered by an
object and generated by a disturbance source, with the help of an electronic
secondary source (actuator or loudspeaker), which sends the opposite vibration
to the object (Figure 1). In practice, one of the main challenges of active
control is to determine the command to send to the actuator. The effectiveness
of the control relies on an algorithm capable of calculating the appropriate
control signal and a digital processor capable of providing this control to the
actuator with minimum latency. The control performances are assessed with
one error sensor or more, measuring the residual vibration. Active control has
historically been designed as a strategy for reducing sound levels, with the
first patent [30] and first application [31] describing it as an electronic sound
absorber. It has also been successfully applied to vibrating structures, as in
the domain of automotive [32, 33|, acronautic [34, 35] and construction with
anti-seismic buildings [36]. In the domain of cultural heritage, the use of an
anti-seismic active control system has been theoretically studied in [37], but
no experimental demonstration has been implemented so far.

Amplitude

0P .
! Time .
= . Amplitude
0
~U-, . 1

Disturbance

Time

ON

1
1
1
1
1
: Time Resultant
1

- ON
Controlled source

Fig. 1 Physical principle of active control. The vibration created by the disturbance source
(top left) is cancelled thanks to a controlled source producing an opposite vibration (bottom
left). Thus, the sum of the two vibrations is zero (right). This drawing emphazises the
moment when the control is activated, at time equal to “ON”.

1.4 Objectives of the study

Most solutions addressing the problem of vibrations attenuation (cf 1.2),
although often effective, are constrained by the necessity of preliminary studies



or construction works, their limited range of applications, or their non-re-
usability. As an attempt to address these limitations, this study proposes to
develop an anti-vibration device adapted to a large-scale use in a cultural
heritage context. This paper focuses on the development and the technical
validation of an active vibration control strategy, and a proof-of-concept. The
main objective is to demonstrate that active control can be used to protect
cultural heritage objects. The search for an optimal solution is out of the scope
and will be addressed in future works.

To overcome the limits of the anti-vibratory solutions previously
mentioned, a set of specifications has been developed to meet the needs
expressed by professionals in cultural heritage institutions. In order to respect
cultural ethics, the system must be non-intrusive, reversible, and as discrete
as possible so as not to interfere with the museography. Four main requests
are expressed by cultural actors: (i) the device must be effective to mitigate
vibrations created by sources commonly found in cultural heritage context,
i.e. be performant in a carefully chosen frequency range (ii) the device must
be adapted to the large diversity of objects no matter their display systems
(iii) the device must be easy and fast to install or remove (vi) the device must
be able to stay effective when environmental conditions (such as vibrations
sources) change.

The active control solution described in this article aims to minimise the
vibrations of cultural heritage objects, while respecting these demands. First,
the motivations and the active control strategy are detailed with an overview of
the control algorithm. Then, the protocol used to apply the control solution to
an experimental museum shelf mock-up is described. The device performances
will be measured using two indicators: one quantifies the reduction in vibration
energy, the other estimates the speed of control convergence. Results obtained
with different realistic disturbance signals are introduced, and the influence
of some control parameters on the indicators of performance is investigated.
Finally, perspectives to improve the system performances are discussed.

2 Methods

2.1 Active control solution

When choosing the control strategy, two key points must be addressed: the
capacity of the strategy to mitigate vibrations, and the possibility to adapt this
strategy in real life, from practical perspectives. Usually a trade-off between
effectiveness and practicality is needed.

The choice of a control strategy is strongly influenced by the frequency
range of the vibration sources. In a cultural heritage context, analyses from
signals recorded in museums pointed out that the vibration energy is mostly
concentrated in the lower frequency range, from about ten to a few hundred
hertz [8, 22, 38]. These results were confirmed by several measurements per-
formed in the project’s partner museums. An example is shown in Figure 2.
Two accelerometers were fixed with wax on two shelves supporting aboriginal



Oceania artefacts at Musée du Quai Branly (Paris, France). The acceleration
of the shelves was recorded (i) in the absence of vibrations sources — other that
the ambient noise in the exhibition room — and (ii) in the presence of the noise
created by the sliding door of the showcase where the objects were exposed.
Results show that the vibrations of the sliding door induce vibrations to the
shelves between 10 and 400 Hz (Figure 2). These results are consistent with the
frequency range commonly expressed in the literature (10-200 Hz). According
to these measurements, the target frequency range for the development of the
active control solution is [10 Hz - 400 Hz].
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Fig. 2 Left: picture of two artefacts with their base equipped with an accelerometer
at Musée du Quai Branly, Jacques Chirac (Paris, France). The accelerometers positions
are indicated by two white circles. Right: power spectral density of signals measured by
accelerometers. In the absence of vibrations (solid grey line) and in the presence of vibra-
tions due to the showcase sliding door (solid black line).

Passive solutions are not effective to control these low frequency vibra-
tions in a cultural heritage context for at least two reasons: (i) the lowest
the frequency range to be attenuated, the largest and heaviest the protective
device must be, which is not convenient for most applications in a cultural
heritage context [31] (ii) passive systems have no adaptation capacity, thus
efficient systems can become counter-productive if the source characteristics
change [4, 5]. Alternatively, the principle of active systems is particularly rele-
vant to cancel low frequency vibrations. Also, active systems are composed of
transducers which are easy to install and remove on a wide variety of shapes
and materials. Finally, a strong benefit of active control is the opportunity to
use adaptive algorithms, that update in real time and remain effective when
environmental conditions change. Therefore, active control appears to be a
good match between effectiveness and practicality.

In museums, most of the vibrations transmitted to an object must pass
through its holder. As a consequence, the present project aims at developing a
control system to minimise the vibrations of the supports on which the objects
are exposed or stored. Such an approach ensures the integrity of the objects,
as the control device is not in contact with them.



2.2 Feedforward control
2.2.1 General Presentation

In the following, all scalar physical quantities are shown in italic, and vec-
tor quantities are shown in bold. A feedforward control system, depicted in
Figure 3, is composed of two accelerometers, respectively called reference and
error, an actuator, called secondary source, and a controller represented by the
control filter block. The purpose of the control device is to cancel out the vibra-
tion created by the source of disturbance, called primary source, at the position
of the error accelerometers, by the means of the secondary source which aims
to create an opposite vibration, as explained Figure 1. The contribution from
the primary source is noted p(t) at the reference sensor and d(t) at the error
sensor. To cancel the vibration e(t) measured by the error sensor, the controller
sends a command u(t) to the actuator in such a way that the contribution y(t)
of the actuator at the error sensor is the opposite of the perturbation d(t). The
error accelerometer provides an indication of the effectiveness of the control
system by measuring the residual vibration e(t), while the controller aims to
minimise this error signal. The reference accelerometer x(t) is used to capture
the disturbance vibration p(t) before it reaches the object. However, measure-
ment of z(t) is biased by the contribution r(¢) of the secondary source at the
reference. This control configuration is named ”feedforward” as it uses both a
reference sensor and an error sensor, and feeds the controller with the refer-
ence signal. In this case, the error signal is used to update the control filter
parameters. In contrast, the “feedback” configuration [29] requires only one
error sensor and feeds the error waveform to the controller.

[ F ) d(t
i LT L gyttt 4
i Secondary\~~—=F—/ 'H'!
bri " Source A=t Ly Error
rimary I}M. D e(t)
1 |
Source i?“' Commzfr}:d )
-.- .: T(t) /
L"..—»l W(t) IControI Filter
ML ) x(6)'—

Reference [ o - oo oo -

Fig. 3 Schematic overview of the feedforward control solution used in the present work.
The control system is composed of two accelerometers (Error and Reference), an actuator
(secondary source) and a controller (control filter). F, H and M represents respectively the
primary, secondary and reverse path. Noise measurements have been neglected, while F, H
and M are assumed to be time invariant.

It is possible to define the primary path F as the transfer function between
p(t) and d(t), which is a mathematical function describing the signal mod-
ifications when going through the physical path between the reference and



the error. The secondary path H is the transfer function between wu(t) and
y(t), which describes the signal modifications when going through the elec-
tronic and physical paths between the actuator input and the error sensor
output. Similarly, the reverse path M is the transfer function between wu(t) and
r(t), which describes the signal modifications when going through the elec-
tronic and physical paths between the actuator input and the reference sensor
output. Finally, the command sent to the secondary source is computed by fil-
tering the reference x(t) by a so-called control filter whose vector of coefficients
is denoted W (t). In this paper, the control strategy is said to be adaptive,
because it uses the error signal to update the coefficients of W (t) over time.
This allows the controller to adjust its behaviour when the primary source of
vibration changes.

2.2.2 Control Configuration of the study

Figure 3 not only depicts a feedforward control configuration, but also empha-
sises on how an active control strategy can be set to protect cultural objects.
As stated previously, the transducers cannot be in direct contact with objects
due to cultural ethic rules. Thus, the chosen solution consists into equipping
the object stand with the error accelerometers placed as close as possible to
the object, to prevent stand vibrations at the object position. Assuming con-
stant contact between the stand and the object, if the stand does not vibrate
at the object position, the object does not vibrate either. Finally, the reference
sensor, whose purpose is to capture a measurement of the perturbation before
it reaches the object, is placed at the stand base, while the secondary source is
placed between the two accelerometers. In practice, it is convenient to place it
as far as possible from the reference in order to reduce the bias of the reference
measurement, i.e. to minimise the contribution of the reverse path M.

To sum up, the controlled system is composed of both the object and its
support, and the aim of the control is to minimise the support vibration at
the object position (where the error sensor is placed).

It should be noted that the vibration measurements are corrupted by many
undesirable biases that have been neglected in Fig. 3 for the sake of read-
ability: background vibrations, background electronic noise, electromagnetic
perturbations, unperfect analog to digital converters. ... However, in the cur-
rent situation, vibration levels are assumed to be high enough to neglect these
external perturbations. In addition, external factors such as temperature and
humidity are likely to modify the mechanical properties of the stand with time
and consequently the transfer functions. In the context of a museum where
these factors are drastically controlled, one can assume that transfer functions
shown in Fig. 3 do not depend on time.



2.3 Control Algorithm
2.3.1 Feedforward adaptive Algorithms

As stated in the objectives, the purpose of the paper is to provide a feasibility
study and no to seek for an optimal control solution. This is the reason why
we choose to use the Filtered Least Means Square (FxLMS) algorithm [28],
a proven algorithm that is fast to implement, fairly robust and therefore still
widely used. Many current algorithms outperform FxLMS performances and
future works will focus on improving performances of the control device. This
section introduces some of them.

The FxLMS algorithm searches for the finite impulse response (FIR)
control filter W (¢) that minimises the mean square error, by updating the
coefficients of W (t) with a steepest descent procedure. As FIR filters require
many coefficients to reach good performances, similar algorithms have been
designed to work with infinite impulse responses control filters to reduce algo-
rithm numerical complexity [39]. However, these algorithms do not account for
the reverse path M, which can lead to strong stability problems.

In order to take the reverse path into consideration, other algorithms
remove from the reference an estimate of the secondary source contribution
[40]. However, this technique called “Feedback Neutralization” is very sensitive
to the quality of the transfer function estimation and results in very unstable
systems [41]. An improved version updates in real time the estimation of the
reverse path to ensure stronger stability, but it requires to add noise to the
control signal, what decreases control performances [42]. An approach based
on the ordinary differential equations method of Ljung [43], has been proposed
[44] to develop and ensure the stability of adaptive algorithms in the presence
of a reverse path. However, strong assumptions such as vanishing adaptation
gain are made and the stability of the algorithm is no more guarantee if a
non-vanishing gain is used to keep adaptation capabilities [45].

One of the most promising approaches consists in using the Youla-Kugera
parametrization, which simultaneously guarantees the stability of the inter-
nal loop and update the controller [45]. Many algorithms based on the
Youla-Kucera parametrization have been developed, and experimental results
show that even simple form of this parametrization can reach satisfying
performances [46].

2.3.2 Filtered Least Mean Square Algorithm

The block diagram in Figure 4 shows a general view of an active feedforward
control solution. F and H represents respectively the primary and secondary
path, as depicted in Figure 3, while H is a numerical estimation of the
secondary path. The control filter W (t) is updated using an LMS procedure
described in the next paragraph. Note that the reverse path is ignored because
the FXxLMS algorithm neglects the contribution of the secondary source in
the reference signal. Consequences of this assumption will be discussed later
(see Section 5).



The coeflicients of the control filter W (¢) are updated at every time sample
in order to minimise the error energy e?(¢). To do that, the so-called Least
Mean Square block (LMS in Figure 4) uses the gradient descent algorithm,
which updates the filter coefficients using a recursive equation of the form
W(t+1)=W(t)+ax fle(t+1),2(t+1)). a is an adaptation gain set by the
operator and f is the correction function f = e(t+ 1)Hx(t+1). At every time
sample, the controller coefficients are thus updated, by adding a correction
term which is a function of the measured signals. Actually, the correction
function given just above is purely theoretical, as in practice it is not possible
to perfectly know the transfer function of the secondary path. However, it is
possible to get an estimation H of this transfer function, and the correction
function used in practice is f = e(t + 1)Hz(t + 1)

In this work, the normalised version of the FxLMS is preferred for stability
and robustness reasons. This version updates the filter coefficients using the
same equation as the FxLMS algorithm but normalises the reference signal, so
that the adaptation time (see section 3.3) does not depend on the level of the
reference anymore. The reader seeking for more information about the FxLMS
algorithm and its normalised version can refer to [28, 47]. The block diagram
of this algorithm, displayed in Figure 4, describes the procedure to update the
controller coefficients.

x(t)

@

Fig. 4 Block diagram of the controlled system with a FxLMS control algorithm. The pri-
mary, and secondary path are respectively represented by the transfer functions F and H,
while H is an estimation of the secondary path. z(t) and e(t) represent respectively the mea-
surements of the reference and error sensors. The controller W (¢) is continuously updated by
the mean of a LMS procedure using the error as input. The reverse path has been neglected.
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The FxLMS algorithm relies on several inputs that the user must specify:

® An identification procedure aimed to provide an estimate of the secondary
path, designed by H, used in the FxLMS equations;

® The order of the control filter: a finite impulse response filter is used, whose
length denoted Length(W) in the following is determined by the operator;

® The adaptation gain «, dedicated to minimise the duration of the adaptation
process.

The procedure of the FXLMS algorithm is summarised in three steps, repeated
at every time sample:

10



1. At time ¢, the controller sends the command u(t), while the reference z(t)
and error e(t) are recorded.

2. The error and the reference filtered by a secondary path estimate H are
used to compute the new control filter coefficients by means of a Least Mean
Square (LM S) procedure.

3. The controller computes the command to be sent at time ¢ 4 1, by filtering
the reference with the new control filter.

3 Experiment

3.1 Test Bench
3.1.1 Choice of the actuator

Active control systems create the opposite vibration thanks to a transducer,
an electronic device able to convert electric signals into vibrations. One of the
main limitation of transducers is their capacity to only operate in a reduced
bandwidth, their lower frequency limit being related to their size: the bigger
the transducer, the lower the cut-off frequency. In museums, many sources
create vibrations with frequency range below 100Hz, such as metro [15], air
conditioning systems [15] and can reach a few tens of Hertz in case of visitors
[22]. To reach such low frequencies, the actuator must be relatively large - but
still much smaller than passive systems that are visually invading with the
museography. Actually, this drawback must be taken very seriously, because if
museums find the system too cumbersome it will not be used. Here, an actuator
with a 60Hz cut-off frequency has been judged as a good trade-off between size
(53 mm diameter) and performance in low frequencies, but bigger actuator
can be chosen if effectiveness of the system in the low frequency region must
be privileged.

3.1.2 Presentation

To test the performance of the control algorithm, a test bench composed of
three distinct parts is set up (Figure 5). The first part is the structure to con-
trol. In this experiment, a shelf used to expose objects at Musée de la Musique
(Paris, France) is selected because it is a common display setting. This shelf is
made out of aluminium poles screwed together with a Dibond®) plate clamped
to the shelf brackets, and fixed to an anti-vibration table. The dimensions of
the plates are 80 cm x 12 cm X 8 mm.

The second part of the test bench is the excitation system, which aims at
reproducing vibrations sources encountered in a cultural heritage context. It
is composed of a vibration exciter (Briiel & Kjeer, type 4809), linked to the
horizontal pole at the base of the shelf with a threaded steel rod, and driven
by a signal generator (dSpace, MicrolabBox), which offers the opportunity to
play pre-recorded signals.

Finally, the last part of the system is the active control device itself. It is
composed of a controller (dSpace, MicrolabBox), two accelerometers (Briiel &
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Kjeer, type 4374) with their charge conditioning amplifier (Briiel & Kjeer, type
2635), and an audio actuator (PUI Audio, ASX05404-HD-R). The Microlab-
Box version is DS 1202, the code is generated from the Simulink interface of
Matlab R2016B, and the control software is ControlDesk 6.1. The reference
and the error accelerometers are fixed to the left end of the horizontal base pole
and to the upper left corner of the plate. The actuator is colocalized with the
error sensor, as this configuration offers optimized control performances [29].
Precise positions and shelf dimensions are shown in Figure 6.

Vibration
Exciter
Signal
Generator
XCITATION SYSTE

Fig. 5 Drawing (left) and photo (right) of the test bench used during experiments
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Fig. 6 Drawing of the shelf with dimensions and position of the transducers. Not to Scale.

3.2 Protocol
3.2.1 Secondary path identification

A preliminary stage, without controller, consists in estimating the secondary
path H. Here, it has been decided to identify this operator in the form of a
recursive filter following the four steps procedure described in [48]. First, a
command signal is sent to the actuator while the error accelerometer signal
is recorded, to get an input-output data set of the secondary path. Second,
the number of coefficients to be assigned to the recursive filter, usually chosen
with an infinite impulse response, is estimated by an instrumental variable
algorithm [49]. Then, the filter coefficients are estimated using the Recursive

12



Least Square identification algorithm [48]. Finally, a procedure ensures the
validity of the filter as an estimate of H, by estimating the calculated output
dependency to the measurement noise. If the dependency is above a statistic
threshold, the number of filter coefficients is increased and the coefficients
values are re-estimated until passing the validation test.

A complementary test is to compare the secondary path frequency response
with its identification. The frequency response of the secondary path is cal-
culated from the cross power spectral density of the input-output data set,
divided by the power spectral density of the input. To get the frequency
response of the estimated secondary path, a new output signal is calculated
by filtering the input through the estimated filter. The calculation described
above is then computed with this new input-output data set.

3.2.2 Control tests

Tests have all been performed with the same controller configuration.
Considering the frequency range of vibration sources in cultural heritage
context (10-400 Hz), the sampling frequency, typically at least equal to 5 times
the maximum frequency of the primary source in control applications, is set
at 2500 Hz. Furthermore, due to the cut-off frequency of the chosen actuator,
the study will focus on a 70 to 400 Hz frequency band.

The test signals used for the primary sources are designed in order to
replicate the vibration signals found in cultural heritage environments, both
in terms of frequency range and time variations: many sources in museums
might vary in terms of amplitude or frequency content, such as a metro coming
closer and then going further away or a fan with a varying operating frequency.
Even though the FXxLMS controller is designed to adapt to non-stationary
noises, fast disturbance variations can decrease the control effectiveness [50].
Four configurations are used for the primary source: (i) a pure tone at 160 Hz,
to reproduce situations which can be faced in the context of cyclic sources
such as fans and engines; (ii) a pseudo-white noise filtered between 70 and
400 Hz, supposed to simulate real-life sources with a broadband spectrum.
As the algorithm must be able to adapt to environmental changes, both effects
of spectral and amplitude changes are investigated: a spectral change (iii),
where a white noise is alternatively filtered every 10 seconds by a bandpass
filter between 100 and 200 Hz, and another one between 200 and 300 Hz;
an amplitude change (iv) with a pseudo-white noise filtered between 70 and
400 Hz whose amplitude is divided alternatively by 1 and 6 during 10 seconds.
The choice of the control parameters o and Length(W) is discussed below.

To perform the tests, one of the four disturbance signals is chosen and
sent to the vibration exciter. Before the control is set on, the amplitude
of the disturbance is varied until it reaches the target value given Table 1.
All these values have been chosen to be of the same order of magnitude as sig-
nals measured in real life, in situations where damages have been noticed [38].
Once this step is completed, the controller is disabled during ten seconds to
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save the initial error signal amplitude. Then the control algorithm is activated
and the recording is pursued for fifty seconds.

Table 1 Amplitude of the error before activating the control algorithm.

Signal Target Error Amplitude (m.s~2)

Sinewave 160 Hz
Broadband 70-400 Hz
Broadband 70-400 Hz High Amplitudes
Broadband 70-400 Hz Low Amplitudes
Broadband 100-200 Hz
Broadband 200-300 Hz

(2NN e o)

3.3 Temporal and frequential performance indicators

On a time domain basis, a key performance indicator is the global reduc-
tion of the error amplitude in terms of energy. Here it is given by
R =20log,o(RMSes/RMSe;) where RMSey (respectively RMSe;) is the
root mean square of the error signal during the first second of the recording
(respectively during the last second of the recording).

Another critical descriptor is the convergence time, subsequently noted 7,
which is related to the time required by the controller to optimise the filter.
It is typically defined as the time needed to reach 64% [51], 95% or 99% [52] of
the final global reduction R described above. This descriptor can be extracted
from the analysis of the error envelope, which is here computed from the
moving root mean square over 2500 samples, while a 64% decreasing is the
threshold retained for the convergence time.

Finally, the frequency contents of the error energy before and after activat-
ing the controller are computed using the Welch estimate of the power spectral
density, and compared.

3.4 Parametric Study

To find the optimal value of control parameters o and Length(W) which can
hardly be estimated, a parametric study is required. To begin, a reasonably low
number of coefficients, usually around 50, is given to the control filter, with an
adaptation gain low enough to avoid stability issues, usually around 10~2. Then
the procedure described above is applied and repeated with increasing values
of Length(W) and «. Finally, the global reduction R and the convergence time
T are extracted from each measurement.

In the present case, only the pseudo-white noise signal filtered between 70
and 400Hz is used as disturbance signal during this study, and tested values
set are (experiment is conducted to test all possible {a; Length(W)} pairs) :

a € {1071.7; 1071.6; 1071.5; 1071.4; 1071.3; 1071.2; 1071.1; 1071}
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Length(W) € {50; 100; 150; 200; 250; 300}

4 Results
4.1 Secondary path Identification

The identification procedure recommends to look for a secondary path in the
form of an infinite response filter with 58 numerator coefficients and 56 denom-
inator coefficients. The graphical comparison of the secondary path with its
identification, Figure 7, shows that both frequency responses have the same
behaviour above 100 Hz. However, below this threshold the curves start to dif-
fer, especially in their phase. Finally, from the amplitude curve, one can notice
that the gain drops below 60 Hz, what corresponds to the cutoff frequency of
the actuator.
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Fig. 7 Frequency response of the secondary path H and its identification H

4.2 Influence of the primary source on control
performances

Control results in the case of a single tone excitation of 160 Hz (Figure 8) high-
light a strongly effective control system in the time domain, with both a high
energy reduction (R = 37.4 dB) and a relatively fast convergence (7 = 0.15 s).
The main peak of energy is drastically mitigated (by around 60 dB), while
other far lower resonances are poorly impacted.

In the case of a broadband disturbance, the algorithm remains effective
despite a lower global reduction R = 13.3 dB and a slower convergence
7 =0.66 s (Figure 9). The power spectral density analysis underlines the good
capacity of the system to control high energy vibrations above 150 Hz; however,
the control algorithm fails at controlling vibrations around 100 Hz. Further,
the energy is slightly increased below 60 Hz in the control configuration, prob-
ably because of the bad phase identification in this frequency range (Figure 9).
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Fig. 8 Control results for a pure tone excitation of 160 Hz. On the left, waveforms of the
error with and without control. On the right, power spectral densities of the error signal
with and without control. Parameters used for this test are: a = 1071-3, Length(W)=150.
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Fig. 9 Control results for a filtered pseudo white noise excitation in the frequency range
70-400 Hz. On the left, waveforms of the error with and without control. On the right, power
spectral densities of the error signal with and without control. Parameters used for this test
are: @ = 10715, Length(W)=150.

Figures 10 and 11 show the effectiveness of the controller for the configura-
tions (iii) and (iv) respectively, while varying the amplitude and the frequency
content of the source. In both cases, variations are chosen as abrupt as possible,
i.e. they are instantaneous, to test the algorithm in the worst possible situa-
tion. In the first case, the control algorithm is able to significantly decrease
the high amplitude vibrations as well as the low amplitude vibrations, with
reductions of R = 12.2 dB and R = 11.8 dB, respectively. While transitions
from low to high levels are very smooth and almost instantaneous (7 = 0.08s),
the opposite transition is somehow rougher, and the algorithm needs a short
time (7 = 0.32s) to recover its optimal behaviour. For the second experiment,
it is interesting to note that the control performances are similar for both
tested frequency bands of the disturbance: R = 12.4 dB for the lower frequency
range, R = 11.1 dB for the higher frequency range. Furthermore, optimal per-
formances are relatively quickly recovered when the spectral content changes
from 100-200 Hz to 200-300 Hz, with a convergence time equal to 0.11 s for
transitions from lower to higher range and vice versa.
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4.3 Influence of the algorithm parameters on the control
performances

Regarding the effect of the adaptation gain, Figures 12 and 13 present that
the adaptation gain is too high to ensure stability of the control loop when it
exceeds a limit around a = 0.1. In the stability area, the global performances
of the algorithm increase with the adaptation gain — higher R and shorter 7— to
reach an optimum and finally drop when it gets too close to the limit of stabil-
ity. Even though the different curves of Figure 12 and those of Figure 11 have
the same global shape, their extrema are not reached for the same adaptation
gain, and therefore depend on the length of the control filter. Furthermore, the
minimum convergence time does not always coincide with the maximum global
reduction, particularly when the filter length is equal to 100. As a consequence,
a trade-off between the two indicators needs to be done.

While the convergence time is clearly an increasing function of the filter
length (Figure 15), the tendency of the global reduction is a little bit more
complex, as its rapid increase is gradually slowing down until the curve sta-
bilises and finally decreases slightly (Figure 13). These results underline the
impossibility to simultaneously optimise the filter length and the « parame-
ter. Performance measurements on a large number of tests show that the best
reduction values are obtained with a filter length greater than a minimum
of 100 coefficients. However, increasing the length also reduces the conver-
gence time. As a result, the choice of this parameter depends on the user’s
specifications.

5 Discussion

Experimental results prove that the chosen control strategy is effective to mit-
igate long duration disturbance signals, both harmonic and broadband. Even
though the convergence time for the broadband signal is higher than that in
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the harmonic situation, it is nevertheless short enough compared to the typical
sources of disturbance in museums, which might last for hours in working con-
struction cases [53, 54], or even be permanent in cases of ventilation systems
[16]. In contrast, for shorter duration sources, lasting for less than a few sec-
onds, the convergence time increases and may be too long to preserve cultural
heritage objects from degradation. It is known that the FXLMS does not allow
fast convergence times, and can even produce instabilities in case of impulse
sources. More powerful but more complex adaptive algorithms have recently
been developed to overcome this limitation [55].

Global reduction is extremely high for a harmonic source and only passive
systems designed to have an anti-resonance at the source frequency can provide
such an attenuation. In the case of a broadband noise, reduction drops but still
offers significant reduction as vibrations become more than 4 times lower in
term of energy. The difference in the performance for harmonic and broadband
signals can be explained by the deterministic character of harmonic signals,
in contrast with the random character of broadband signals, which are only
controllable in certain conditions [56].
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Results show that the control system performance drops below 100 Hz. Two
improvements can be considered (i) optimising the placement of the transduc-
ers, which may enlarge the controlled frequency range, as suggested in [57, 58],
(ii) using an actuator with a lower cut-off frequency, but with the disadvantage
of a larger size. Other transducers technologies can be experimented, such as
piezo electronic [34], but the search for the most appropriate technology for
the secondary source is beyond the scope of this article. Finally, a particular
attention must be given to the phase of the identification, whose difference
with the phase of the real transfer function must not exceed 90° in absolute
value for stability reasons [59]. If they do, vibrations are increased in this fre-
quency region, what might lead to a destabilisation of the full control process
in the worst cases.

Performances are strongly influenced by the adaptation gain «, which is
related to how fast the control filter is able to adapt. It is expected that an
increase of a, below an optimal value, tends to reduce the convergence time.
However this parameter also affects the global reduction. This is not surpris-
ing, as white noise signals are random process whose properties vary when
analysed on short windows. If the adaptation gain « is too small, the control
filter is not updated fast enough to track the signal variations, and the con-
troller performances decrease. In contrast, if the adaptation gain o exceeds
the optimal value shown in Figure 12, the adaptation term added to the coef-
ficients increases, which causes the filter coefficients to oscillate around their
optimal values. Moreover increasing the adaptation gain further increases the
risk of system instability. This limit can be theoretically calculated [60] but
requires to perfectly know the control conditions, in particular the disturbance
characteristics, which is not possible in the case of cultural heritage environ-
ments. As a result, the adaptation gain should be carefully adjusted in order
to offer the best possible reduction, even though it does not necessarily pro-
vide the fastest convergence time. To overcome this difficulty, some algorithms
propose a dynamic adaptation of « [61], but have not been tested in a cultural
heritage context yet.

The other parameter influencing performances is the number of coefficients
in the control filter W. When this value decreases, the convergence time 7
decreases, but the global reduction R too: indeed, the controller does not have
enough coefficients to match the response of the optimal control filter, which
represents the filter offering the best performance from a theoretical point of
view. When the length of the filter increases, its difference from the best the-
oretical filter decreases and reaches a minimum. Simultaneously, the global
reduction grows until a maximum. Then, increasing this parameter does not
have effect anymore on the global reduction. The drawback of increasing the
filter length is the rise of the convergence time, which is often encountered
with adaptive filter algorithms, both for theoretical [62] and experimental [63]
approaches. This phenomenon can be explained by the fact that increasing the
number of coefficients increase the number of dimensions of the minimisation
problem and extends the calculation time of the global minimum. Furthermore,
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the computational complexity, a term related to the number of operations
that the algorithm must compute at each time step, increases with the num-
ber of coefficients. For real-time applications, the filter length should then be
minimised.

Algorithm robustness to amplitude changes is not surprising because the
normalised version of the FxLLMS has been specifically designed for it. On the
other hand, robustness to spectral changes is not guaranteed by the algorithm
structure, and instability problems may arise. For each spectral change, each
filter coefficient must find a new ideal value starting from a non-null initial con-
dition, what can disrupt the algorithm enough to make it diverge. To recover
stability, the adaption gain must be reduced, with the consequences previously
mentioned. In order to ensure the robustness of our experimental bench, we
suggest to keep the adaptation gain below 10711,
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x(t) u(t) y(t) e(t)
— W(t) —" H +
LI
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Fig. 16 Block diagram of the controlled system with a FxLMS control algorithm when
the reverse path M cannot be neglected anymore. The primary and secondary path are
respectively represented by the transfer functions F and H, while H is an estimation of the
secondary path. z(t) and e(t) represent respectively the measurements of the reference and
error sensors, while p(t) is the contribution of the primary source to the reference sensor.
The controller W () is continuously updated by the mean of a LMS procedure using as input
the error.

The FxLMS structure assumes that the actuator only contributes to the
error measurement. In practice, the vibration can also propagates to the
reference sensor and bias the reference signal. As shown in Figure 16, the ref-
erence input used in the FXLMS structure z(t) is actually the sum of the
contribution of the primary source p(t) and the contribution of the reverse
path 7(¢). This undesirable feedback can decrease the control performances
and lead to divergence if the internal closed loop becomes unstable. In our
control configuration, preliminary measurements have shown that the contri-
bution, in terms of energy, of the secondary source, is 17.8 dB lower at the
reference sensor than at the error sensor (see Figure 17), and 10.2 dB lower
in the frequency region of the broadband disturbance (70-400 Hz). This is
probably due to the mechanical properties of the shelf and to the relatively
large distance between the actuator and the reference sensor in our experi-
mental protocol. Consequently, it allows us to neglect the contribution of the
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actuator to the reference signal without dramatic consequences. In other sit-
uations, where the reference sensor must be located next to the actuator, this
bias cannot be ignored anymore, and algorithms have to compensate for this
internal loop. These algorithms include the model of the reverse path in their
controller in order to guarantee the stability of the feedback loop [64].
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Fig. 17 Frequency response of the secondary path H and of the reverse path M.

5.1 Conclusion

This work shows that an active control strategy can be successfully applied
to vibrations encountered by cultural heritage objects, with consideration for
both practical and physical requirements. The choice of the control strategy
has been performed considering a list of criterions expressed by the cultural
heritage community, the most important being non-intrusion and reversibility,
with strong adaptability and practicality. Our system is capable of atten-
uating broadband disturbances by 14 dB, and is robust to amplitude and
frequency content source variations. Compared to common passive solutions,
the superiority of this technique lies in its versatility and its ability to mitigate
frequencies vibration in a given frequency range. Finally, a parametric study
has shown that the greater error attenuation and the fastest control cannot be
achieved simultaneously, so the choice of the adaptation gain and the control
filter length must result from a compromise.

Results are promising enough to look further into this strategy and future
works will focus on two complementary aspects: the improvement of the con-
trol effectiveness and the development of an embedded control system. The
first one mainly concerns the improvement of algorithm structure, in notably
the dynamic adjustment of the adaptation gain and the consideration of the
reverse path between the actuator and the reference sensor. To address these
questions, more recent algorithms can be considered [64]. To enhance the con-
trol performances, other possibility include an optimisation of the transducers
position.

21



The second improvement concerns the design of a transportable and
ergonomic device, which requires the consideration of both technical and prac-
tical aspects for the choice of the hardware. The controller used in this study
is large and expensive, and is therefore not appropriated for a use in cultural
heritage context. To replace this device, a micro-controller — an electronic card
with an embedded micro-processor — whose properties are chosen to respect
practical considerations can be developed. Finding the appropriate actuator
seems to be a more difficult challenge. A trade-off must be found between the
cut-off frequency, as low as possible, and the size of the component, discrete
enough not to interfere with the museography. The solution may also lie in
the use of alternative actuator technologies. All these considerations aim to
develop an embedded control system with augmented performances, and to
perform in situ demonstrations within the cultural heritage community.
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