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In recent years, there has been a growing interest in smart structures, particularly in the
field of musical acoustics. Control methods, initially developed to reduce vibration and
damage, can be a good way to shift modal parameters of a structure in order to modify its
dynamic response. This study focuses on smart musical instruments and aims to modify
their radiated sound. This is achieved by controlling the modal parameters of the
soundboard of a simplified string instrument. A method combining a pole placement
algorithm and a time-dimensionless state-derivative control is used and quickly compared
to a usual state control method. Then the effect of the mode tuning on the coupling
between the string and the soundboard is experimentally studied. Controlling two
vibration modes of the soundboard, its acoustic response and the damping of the third
partial of the sound are modified. Finally these effects are listened in the radiated sound.
& 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The modal state space active control is usually applied in industrial applications in order to decrease vibrations and
damages. The main advantage of this strategy is to target the control energy on the modes of interest using a minimal
number of components. For example, Chomette [1,2] uses modal active control to reduce damage in the case of on-board
electronic boards subjected to a high vibration level. A recent example is given by Braghin [3] who proposes a new synthesis
of modal controller to reduce vibrations in structures. In the field of vibration reduction, a solution to decrease the
amplitude of the frequency response function consists in applying virtual modal mass. Lhuillier [4] proposes to apply this
method in the case of the improvement of transmission loss of a double panel. But this method does not ensure the stability
of the controlled system. Another way to obtain the same effect ensuring this stability is to apply a state-derivative feedback
designed with a pole placement algorithm. This method was initially developed to reduce vibration using data obtained
from accelerometer sensors since it is possible to evaluate velocity from acceleration with accuracy but not displacement.
Shariati [5] deals for example with H-infinity-based state-derivative feedback control. Da Silva [6] proposes a method for the
design of state-derivative feedback applied to uncertain linear systems. To ensure the stability of such controllers, Abdelaziz
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[7–9] gives a direct solution of the pole placement problem for state-derivative feedback. Malviya [10] uses results reported
by Abdelaziz to point out their physical interpretation. Moreover, the use of this kind of control, in a modal base and
combined with a usual modal state control, should allow the control of the modal frequencies and damping factors of a
structure, but also of the amplitude of its vibration modes. However, very few experimental studies use the modal statederivative control method on complex structures with a large number of degrees of freedom.
One of the possible applications of this kind of control is the design of smart musical instruments. These can be defined
as musical instruments provided with a set of actuators and sensors coupled with a control system. The aim is to control the
modal properties of vibrating parts of instruments and consequently their radiated sound. Hanagud [11] proposes for the
first time an active structural control based on piezoelectric sensor and actuator for a smart guitar. Berdahl [12] investigates
the effect of active damping of the vertical and horizontal transverse modes of a rigidly terminated vibrating string. All these
studies aim to modify the sound of musical instruments but few applications give results on their radiated sound. Besnainou
[13] proposes the modification of the sound of a xylophone using active control but, to the knowledge of the authors, no
study uses the state-derivative control to modify the sound of musical instruments.
The research presented in this paper is part of an interdisciplinary project binding acoustics and active control. One of its
main objectives is to modify musical acoustic instrument sound level without changing its tone. This can be achieved by
modifying the vibration amplitude for targeted modes without shifting the corresponding modal frequencies and damping
factors. A state-derivative control method can be applied to increase or decrease the vibration modes' amplitude. Then, a
state control method can be used to bring back the modal frequencies and damping factors to their uncontrolled values. This
paper presents the first stage of this work: to cross the experimental gap applying the state-derivative control on a
simplified string instrument. First, the theoretical difficulties due to the modal richness of such a structure are overcome. A
method combining a pole placement algorithm and a time-dimensionless model is used to design the control system. This
ensures the stability and the precision of the state-derivative control. Then, the designed control system is experimentally
applied on the soundboard of a simplified string instrument. Finally, an example of the sound modification of this simplified
musical instrument is given.
2. Control strategy
The dynamics of a linear system subjected to a disturbance and controlled with a modal state control method without
feedthrough effect can be written as
8
_
>
< xðtÞ ¼ AxðtÞ þBuðtÞ þ GwðtÞ
yðtÞ ¼ CxðtÞ
;
(1)
>
: uðtÞ ¼  KxðtÞ
t
where xt ðtÞ ¼ ½qt ðtÞ q_ ðtÞ is the state vector. The functions u(t), y(t) and w(t) are the control, measured and disturbance
signals respectively. A, B, C and G are the structure, the input, the output and the disturbance signal input matrices
respectively. Since the sensor used in this study is a piezoelectric patch not collocated with the actuator, the command
signal has no direct effect on the measured signal. Consequently, the feedthrough matrix is a zero matrix. The state matrices
can be written for n modes, one actuator and one sensor
"
#
" c #t
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Π
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with Ω ¼ diagðωℓ Þ and Ξ ¼ diagðξℓ Þ. ωℓ and ξℓ are the natural angular frequency and the modal damping of the ℓth mode
a
c
w
respectively. Π , Π and Π are the modal vector of actuator, sensor and disturbance respectively. The controller gain vector
K can be chosen using a usual pole placement algorithm in order to modify the frequencies and the damping factors of the
system. The control signal u(t) is computed using the state vector containing the modal displacement and velocity of the
controlled modes. To compute this control signal with the modal velocity and acceleration, the modal state-derivative
control method can be used. In the next sections, a state-derivative control using an original time-dimensionless method is
described.
2.1. State-derivative control
The use of the modal state-derivative control leads to compute the control signal using the modal velocity and
acceleration. This can be related to a modification of the modal parameters using the modal damping factors and the modal
masses of the structure. The dynamics of a linear system controlled using the state-derivative vector and subjected to a
disturbance can be written as
8
_
>
< xðtÞ ¼ AxðtÞ þBuðtÞ þ GwðtÞ
yðtÞ ¼ CxðtÞ
(3)
:
>
: uðtÞ ¼  KxðtÞ
_
Please cite this article as: S. Benacchio, et al., Mode tuning of a simplified string instrument using time-dimensionless
state-derivative control, Journal of Sound and Vibration (2014), http://dx.doi.org/10.1016/j.jsv.2014.09.003i

S. Benacchio et al. / Journal of Sound and Vibration ] (]]]]) ]]]–]]]

3

The control gain vector K can be computed using [7] to ensure the stability of the system. Thus, it is obtained with
K¼
where

detð  AÞ

Π ni¼ 1  λi

p0n ;

(4)

λi (i ¼ 1; …; n) is the set of desired eigenvalues and p0n is defined so that
p00 ¼ p1 A  1 ¼ etn ðARÞ  1 ;
2



p0i ¼ p0i  1 A  λi Idn ;

n1

t

i ¼ 1; …; n;

(5)

1

. Using (3), the transfer function

p1 ¼ etn

BÞ is the controllability matrix, en ¼ ½0; …; 0; 1 and
where R ¼ ðB AB A B…A
of the controlled system between y and w can be written in the frequency domain

1
yðsÞ
¼ C sðIdn þBKÞ  A
G;
wðsÞ

R

(6)

where s is the Laplace variable.
However, this pole placement algorithm can be applied and ensure the stability of the system only if the necessary and
sufficient conditions are provided. These conditions are given in [7]. The first one is that the term detð  AÞ in (4) must be
non-zero. This condition is provided directly by the modelisation of the structure. The second one is that the controllability
matrix R must be full rank. For complex systems with a lot of degrees of freedom, this is not always the case. In the next
section, an original time-dimensionless model is proposed, enabling the application of this pole placement algorithm on
such systems making the R matrix full rank.
2.2. Time-dimensionless model
Two main factors can lead to the use of a time-dimensionless model. Firstly, for modal active control of complex
structures, the matrices used to model the system can be unusually large. To have an efficient control and to avoid the
spillover effect, the structure model has to contain a large number of modes. The state matrices are often ill-conditioned due
to the modal parameters’ values. They induce some errors during the control gains computation. Secondly, to apply a statederivative control without any undesired sampling effects, the sampling frequency used in the control system has to be very
high. Unfortunately, the use of a high sampling frequency also has an effect on the controllability of the system. In these two
cases, a time-dimensionless model can be used to simulate the control on a controllable system which can then be applied
efficiently on a real structure choosing the right dimensionless functions.
It can be noted that the dimensionless method is presented here for the state-derivative control but it could also be used
for a usual state control.
The establishment of the time-dimensionless model begins with the first equation of (3)
€ ¼  Ω2 qðtÞ 2ΞΩqðtÞ
_ þ Πa uðtÞ þ Πw wðtÞ;
qðtÞ

(7)

where qðtÞ is the modal displacement vector of the system. The time-dimensionless model is given by dividing the time
variable by a dimensionless constant T0, leading to the dimensionless time t defined with
t¼

t
:
T0

Then, the dimensionless functions qðt Þ, wðt Þ, uðt Þ are chosen such that
8
>
< qðt Þ 9qðt T 0 Þ ¼ qðtÞ
wðt Þ 9wðt T 0 Þ ¼ wðtÞ :
>
: uðt Þ 9 uðt T Þ ¼ uðtÞ

(8)

(9)

0

Assuming (8), time derivative operators become
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and the modal velocity and the acceleration can be written as
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¼ 2
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(10)

(11)

Using the dimensionless functions of (9) and the relations of (11), (7) becomes
1 €
2ΞΩ _
2
a
w
q ðt Þ ¼  Ω qðt Þ 
q ðt Þ þ Π uðt Þ þ Π wðt Þ;
T0

T 20

(12)
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which can be written as
2
a
w
q€ ðt Þ ¼  T 20 Ω qðt Þ  2T 0 ΞΩq_ ðt Þ þT 20 Π uðt Þ þ T 20 Π wðt Þ:

(13)

Ω ¼ T 0 Ω;

(14)

2
a
w
q€ ðt Þ ¼  Ω qðt Þ  2ΞΩ q_ ðt Þ þ T 20 Π uðt Þ þT 20 Π wðt Þ:

(15)

Moreover, assuming that

(13) becomes

As for (9), the dimensionless measured signal is chosen such that

Assuming that

yðt Þ 9 yðt T 0 Þ ¼ yðtÞ:

(16)

# 2 qðt Þ 3
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"
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Idn
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(18)

(3), (16) and (17) give
yðt Þ ¼ Cxðt Þ;

(19)

C ¼ CMc :

(20)

8
_
>
< x ðt Þ ¼ Axðt Þ þ Buðt Þ þGwðt Þ
yðt Þ ¼ Cxðt Þ
>
:
uðt Þ ¼ K x_ ðt Þ;

(21)

where

Finally, the system (3) can be written as

with

"

#
qðt Þ
xðt Þ ¼ _
;
q ðt Þ

"
A¼

0n;n
Ω

Idn
2

#
2ΞΩ ;

B ¼ T 20 B;

G ¼ T 20 G:

(22)

This last system has the same properties as (3). However, thanks to the dimensionless constant T0, the dynamics of the state
matrices can be chosen to ensure the controllability of the system making the new controllability matrix full rank. Thus, the
controller gain vector K can be computed with the pole placement presented in the last section. However, in a lot of control
applications, the state of the system cannot be measured directly. In these cases, an observer must be used. In the next
section, an observer using the time-dimensionless model is described.
2.3. Time-dimensionless state observer
The dynamics of an observer using the time-dimensionless model of the structure can be written as
(
_
x^ ðt Þ ¼ A m x^ ðt Þ þ B m uðt Þ þ Lðyðt Þ  y^ ðt ÞÞ
y^ ðt Þ ¼ C m x^ ðt Þ;

(23)

where ðA m ; B m ; C m Þ is the time-dimensionless state model used by the observer to estimate the time-dimensionless state
vector x^ , and L is the observer gain obtained using a pole placement algorithm ensuring the required observer properties.
The expression of x^ as a function of x expressed in the frequency domain can be obtained from (23) the following
equation:
8
>
< x^ ¼ φx
h 
i1
 
(24)
;
>
LC
: φ ¼ s Idn þ B m K  A m  LC m
with s ¼ T 0 s. Thus
_
x^ ¼ φx_ :

(25)
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Fig. 1. Block diagram of a real structure controlled by a time-dimensionless control system.

Finally, the transfer function of the state-derivative controlled and observed system using the time-dimensionless model
can be written as
h 
i1

yðsÞ
¼ C s Idn þ BK φ  A
G:
(26)
wðsÞ

2.4. Real structure controlled by a time-dimensionless control system
As said in Section 2.2, the dimensionless functions have been chosen such that
8
>
< yðt Þ 9yðtÞ
wðt Þ 9wðtÞ :
>
: uðt Þ 9 uðtÞ

(27)

Using these definitions, the model of the controlled structure can be divided in two parts. The first is the model of
the structure itself. This part can be modelled using the usual state matrices. Its inputs and its output are w(t), u(t) and y(t).
The second part is the control system built with the observer and the controller. This part can be modelled using the
dimensionless state matrices. yðt Þ and uðt Þ are its input and output, respectively. Thanks to the definitions given in (27), the
two parts of the model can be linked since the input and the output of the structure model have been chosen as equal to the
output and the input of the control system, respectively. Thus, the transfer function of a real structure controlled with a
time-dimensionless control system can be written as
 

1
yðsÞ
¼ C s Idn þ BK φ A
G:
wðsÞ

(28)

Fig. 1 gives the block diagram of a real structure controlled with a time-dimensionless control system. The physical part
of the system is modelled thanks to the A, B, C and G matrices. The model used in the control system is the dimensionless
model using the A m , B m and C m matrices. The controller and observer gain vectors K and L are found thanks to usual
methods computed with the dimensionless system matrices. It can be noted that in order to keep a dimensionless model
matching the physical one, the dimensionless integral must be multiplied by 1=T 0 since s ¼ T 0 s.
2.5. Continuous and discrete time design
In the previous sections, the design of the control system is achieved using a continuous-time model. For structure
control applications, it is often useful to use a discrete-time model to ensure the precision as well as the rapidity of the
system. In this case, a usual Z-transform is used to convert the continuous-time model. However, when applying the statederivative control on a discrete time model, a zero-order hold method is not precise enough to convert it. The use of at least
a first-order hold method is required to have an efficient effect of the state-derivative control. Moreover, the use of the timedimensionless model still works with a discrete-time model. The usual z variable is given by esTs, where Ts is the sampling
time of the discrete model. For the time-dimensionless model, the dimensionless variable z is given by esT s ¼ esT 0 T s . Thus, the
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Fig. 2. (a) Measurement in anechoic chamber ① clamped simplified soundboard, ② bridge, ③ string, ④ actuator, ⑤ sensor, ⑥ piano hammer).
(b) Experimental setup linked to the control system.

time-dimensionless model simulates the use of a new sampling time T 0 T s . Choosing the right dimensionless constant
enables the use of a large sampling frequency Ts. All the state matrices of the continuous-time model used in Fig. 1 can be
replaced by state matrices of a discrete-time model. The continuous integration block 1=sT 0 must be replaced by a delay
block z  T 0 to ensure the efficiency of the discrete time-dimensionless control system.

2.6. Choice of the time-dimensionless constant
The active control application for musical instruments requires a system working with a high sampling frequency 1=T s .
The largest controlled frequency of the soundboard remains small compared to this sampling frequency. This configuration
allocates the poles of the controlled system close to the point (0,1) in the Z-plan. This is the reason why computation of
control gains gives non-satisfactory results. The dimensionless constant T0 is used to distribute the discrete poles of the
system around the unit circle of the Z-plan. With the hypothesis that the damping factor of the highest mode of the
structure is not to large, the criterion to find this dimensionless constant is to choose the entire part of 1=2T s f max . In this
case, the pole of the highest mode is located close to the point (0, 1) and all the other poles are included between the
points (0,1) and (0, 1) around the unit circle.

3. Experimental validation
3.1. Experimental setup
The original control method presented in the previous section is experimentally validated on a simplified soundboard.
The structure studied is a clamped wooden rectangular plate presented in Fig. 2 whose dimensions are defined by
L ¼ 6  10  1 m, ℓ ¼ 4  10  1 m and e ¼ 4  10  3 m. This plate is identical to those used by luthier to make guitars. In order
to validate the proposed control method, the structure is actuated using an electrodynamical actuator HIAX13C02-8/RH. The
structure's dynamics is measured using a piezoelectric sensor made in PZT-5H.
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3.2. Control system design
For this study, the frequency band of interest is under 1 kHz. According to usual control applications, the sampling
frequency of the control system should be at least 10 times the highest controlled frequency. However, the final goal of this
work is to modify the sound of instruments. As the human ear can ordinarily hear sounds up to 20 kHz, the sampling
frequency of the control system must be above this limit. Otherwise, an undesired noise is heard at the sampling frequency
due to the piecewise steps in the signal created by the conversion from digital to analog. The time-dimensionless model is
used here to work with a low frequency model but with a sampling frequency as close as possible to 20 kHz.
The state model ðA m ; B m ; C m Þ used in the control system requires the frequencies and the modal damping factors of the
structure and the electromechanical properties of the transducers. In the case of complex structures where these
parameters cannot be easily measured, some identification methods can be used. The one applied here is proposed by
Chesne [14] and uses the Rational Fraction Polynomial algorithm to identify actuators and sensors properties. This method
brings several advantages. Firstly, its application uses a single frequency response function (FRF) between the actuator and
sensors used by the controller. Secondly, this method does not need an additional system to measure the properties. Once
the state space model is identified, it is converted in a time-dimensionless model and discretised to finally be implemented
in a digital control system.
3.3. State-derivative and state control comparison
In this section, the state-derivative control using a time-dimensionless model is compared to a usual state control. The
simplified soundboard is excited by a chirp signal. The actuator is used at the same time to excite the structure and to
control it. The control is arbitrarily focused on two modes. The damping of the sixth mode is multiplied by 2 and the
frequency of the ninth mode is shifted about  5 percent. This control target is chosen as a demonstrative case. The aim is to
Please cite this article as: S. Benacchio, et al., Mode tuning of a simplified string instrument using time-dimensionless
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show that the control can be applied on two distant modes. The frequency of one of these modes and the damping factor of
the other are controlled in order to demonstrate that these two kinds of control are efficient. The controller gains have been
chosen thanks to pole placement algorithms. For the state control, a usual pole placement algorithm is used. For statederivative control, the pole placement algorithm proposed by Abdelaziz [7] is used. The poles of the uncontrolled and
targeted controlled system are given in Fig. 3. Only the positive imaginary and the negative real part of the plan are
presented since the conjugate poles are subjected to the same modifications. Figs. 4 and 5 present the results of these two
controls. The FRF between the excitation sent through the actuator and the signal measured by the sensor is presented with
and without control. Figs. 4(a) and 5(a) present the simulated effects of the two control methods on the FRF of the simplified
soundboard. These simulations are carried out thanks to a modelisation software using the model of the controlled
structure. Figs. 4(b) and 5(b) present the experimental effects of the two control methods on the FRF of the simplified
soundboard.
The first observation is that the simulation and the experiment give similar results. The prediction of the control effects,
based on the model of the structure, is very accurate. Secondly, Fig. 5 shows that the two control methods give similar
results, even if they present small differences. The state-derivative control using a time-dimensionless model is as efficient
as the usual state control. The limits of these control methods are not detailed here but they are much the same. Indeed, if
one of the methods diverges due to, for example, spillover effect, the other method is also unstable. However, it should be
noted that the control signal for the state-derivative control is often slightly larger than those of a usual state control.
Another observation can be made about the robustness of the control system. Fine details marked with stars are visible
in the experimental measurement of Fig. 5(b). As seen in Fig. 5(a), these small elements are not taken into account in the
model of the structure. This omission does not affect the efficiency of the control. Indeed, in Fig. 5(b), the controlled modes
are experimentally shifted without other important perturbation in the FRF. The model used to control a structure does not
need a perfect knowledge of the structure's details to be efficient.
It is important to note that the state-derivative control applied to a complex structure modelled by a large number of
modes and using a high sampling frequency does not work. The computation of the controller and the observer gains gives
too small results to be efficient. The use of time-dimensionless model enables the computation of larger gains and gives an
efficient control. The state-derivative control without the time-dimensionless model has no effect if applied. Consequently,
this control configuration is not presented in this paper.
Future study should be done to find the advantages, the drawbacks and the limitations of this method. However some of
them can be quickly discussed here. After few measurements, it seems that the control signal for time-dimensionless statederivative control is slightly higher in amplitude than the case of state control. The energy issue is an important point in
active control and could be a reason to not to use time-dimensionless state-derivative control if not necessary. The model
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discretisation is also an important issue for active control. Indeed, simpler is the chosen method of discretisation faster
should be the control system. However the most simple method of discretisation is often the less precise. To use the timedimensionless state-derivative control method a first-order hold is at least required while only a zero-order hold is required
for usual state control. This is certainly due to the fact that to estimate the state-derivative of a structure, its model must be
more precise. Although the proposed control method has some drawbacks, its main advantage is to enable the control of
structures with ill-conditioned state matrices. Without the time-dimensionless model, the control of such a structure is not
possible. In the case of high sampling frequency and even if in comparison the maximum controlled frequency is small, this
method still works. This is a necessary condition in acoustics to avoid the sampling noise or the use of analog filter. Finally,
the time-dimensionless model can also be used to design a standard state control system.
3.4. Modification of the simplified instrument's sound
In this section, the state-derivative control using a time-dimensionless control system is applied to modify the radiated
sound of the simplified soundboard. The experimental setup is the same as in Section 3.1. However, the structure is now
excited by a struck string through a bridge and no longer by a chirp signal. This string is clamped at one of its end and linked
to a tuning key at the other. This enables the tuning of the string at the desired pitch. The excitation is made thanks to a
piano hammer shown in Fig. 2(a) to ensure the repeatability of the experiment. The position of the bridge is chosen in order
to excite the largest number of vibration modes of the simplified soundboard. The study to find this position is carried out
thanks to a preliminary experimental modal analysis. The actuator is placed close to the bridge. This placement enables the
control of the modes excited by the string. The effect of the string disturbance on the actuator is neglected. The radiated
sound is measured using a microphone set 1 m in front of the soundboard.
The control proposed for this example is focused on the ninth and tenth modes of the soundboard. This control enables
the modification of the coupling between these two modes and the third partial of the string excitation. Indeed, these two
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modes have a modal frequency close to the frequency of this partial which is believed to be a perceptible component in a
string sound. The radiated characteristics of the vibration modes are not studied in this paper. These modes are marked by
numbers 9 and 10 in Fig. 7. They are both shifted in frequency but the first by about  2.5 percent while the second by about
þ2.5 percent. The poles of the uncontrolled and targeted controlled system are given in Fig. 6. Again, only the positive
imaginary and the negative real part of the plan are presented since the conjugate poles are subjected to the same
modifications. The effects of this control on the soundboard FRF are shown in Fig. 7.
Once again, the control works well. The ninth and tenth modes effectively shift in frequency. It can be noted that the
eighth mode, marked in Fig. 7, is very close to the ninth mode. Consequently, the control increases its amplitude in the
soundboard FRF. Then the effect of the control can be observed in the radiated sound. Figs. 8 and 9 show the Fourier
transforms of the sound radiated by the uncontrolled and the controlled soundboard. For each case two measurements are
superimposed. The very good matching between these curves reveals the repeatability of the excitation system.
These figures show that the control has a real effect in the sound radiated by the simplified instrument and several
remarks can be made. Firstly, the shifts in frequency of the ninth and tenth modes are also visible in the radiated sound.
These modes are marked by arrows in Figs. 8 and 9. Moreover, the effect of the ninth mode's shift on the eighth mode is
stronger in the radiated sound. Indeed, while the amplitudes of the eighth and ninth modes are very different for the sound
radiated by the uncontrolled soundboard, they are equal in the case of the controlled soundboard. Secondly, the highest
peaks, marked by stars in Fig. 8, are the partials of the string. They are harmonic and impose the tune of the radiated sound.
The control system cannot directly control these partials because it does not take them into account in its model. For
example, it cannot control their frequencies. However, it can modify other properties of the string partials by controlling the
modal parameters of the soundboard. Indeed, Fig. 9 shows that removing the ninth and tenth modes of the soundboard
from the frequency of the third string partial has an effect on the damping of this peak. In order to confirm this conclusion,
the time evolution of the radiated sound when the soundboard is uncontrolled and controlled is studied. Fig. 10 gives the
spectrograms of the radiated sound in these two cases. The spectrograms reveal that the sound can be divided in two parts
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marked with ① and ② in Fig. 10. The first part has a rough duration of 1 s where many frequencies are generated. It is the
combination of the excitation string signal and of the soundboard response. The control of the soundboard can be observed
in this part since the shifts in frequency of the two controlled modes are visible. Indeed, the two peaks combined with the
peak of the third string partial in Fig. 10(a) are isolated in Fig. 10(b). The increase in amplitude of the eighth mode can also be
observed. Therefore, this first part of the sound is clearly changed due to the control of the soundboard. The second part of
the sound is the decay of the string signal. In this part, the remaining frequencies are only the string partials. It can be noted
in Fig. 10(b) that the damping of the third string partial has clearly decreased. Indeed, the temporal signal at this frequency is
longer when the soundboard is controlled. According to Gough [15], this is due to the decoupling of the string partial and
the soundboard modes in the case of an initial weak coupling. It can also be noted that the fourth partial has been slightly
modified by the soundboard control. This is due to the fact that the control of the ninth and tenth modes of the soundboard
has an effect on higher modes, as shown in Fig. 7. However, these effects are quite small.
Finally, it is possible to listen to the recordings1 of these two sounds. The effect of the control is clearly perceptible in the
radiated sound. The damping modification of the third string partial is easy to hear. Indeed, after approximately 4 s it is the
only partial, with the fundamental, to be still in the signal. Due to the many frequencies generated in the first second of the
sound, a careful listening is needed to hear the effect of the control in the first part of the signal.
4. Conclusion
This paper proposes to modify the radiated sound of a simplified string instrument by controlling the modal parameters
of its soundboard. To control the modal displacement, the modal velocity and the modal acceleration of a structure, a usual
modal state control can be combined with a modal state-derivative control. However, the application of this control on a
complex structure with a large number of modes is not always possible. In the case of ill-conditioned state matrices or of
high sampling issues, a time-dimensionless model simulates a controllable system and enables the application of a pole
placement algorithm for the state-derivative control. This method is experimentally tested and compared to the usual state
control method. Then it is used to study the effect of the control of the modes of the soundboard on its radiated sound. The
particular case of the coupling between modes and string partials is studied. The results show that the modal statederivative control of a soundboard is an efficient way to modify a string instrument sound. This tool can be used to
investigate complex phenomena directly on the instrument. Moreover, this paper investigates the control of a structure
using a time-dimensionless observation of its derivative state. This method has some drawbacks and advantages which
must be investigated deeper to validate and find the limitations of the time-dimensionless state-derivative control.
Nevertheless, the present results suggest that the combination of the state and state-derivative control methods is possible
and should increase the active control possibilities.
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