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Musicians have always been interested in the evolution of their instruments. This evolution might be done either
to adapt an instrument’s quality to musicians’ and composers’ needs, or to enable it to produce new sounds. In
this study, we want to control the sound quality and playability of wind instruments, using modal active control.
The modal active control makes it possible to modify the input impedance (frequency, gain and damping) of these
instruments and to modify the instrument’s quality. The simulations for a first experiment are presented here.
We simulate a control of the modes (frequency, damping) of a cylinder, which is considered as a simple ”wind
instrument”. We consider the use of a microphone, a speaker, an observer and a controller to modify theses modes,
then we look at the modifications on the sound and playability using Modalys. Our next goal will be to apply the
control to a real cylinder, and to evaluate it in a musical context with a musician.
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Introduction

Musicians have always been interested in the evolution
of their instruments. This evolution might be done either to
adapt an instrument’s quality to musicians’ and composers’
needs, or to enable it to produce new sounds.
Using active control, instruments can produce new sounds,
while keeping the musician gesture and the instrument as a
radiator [1].
There are two main active control methods : feedforward [2,
3, 4, 5] and feedback [3, 5, 6, 7, 8, 9, 10]. Applied to a duct,
the feedforward method consists of getting a signal with a
microphone before a speaker to modify it after the speaker.
The feedback method implies that the control has an influence on the signal getting place.
The feedback modal active control method is chosen and applied to a cylindrical tube, which is considered as a simple
”wind instrument”, in order to modify its eigenmodes. The
aim is to change the damping and the frequency of the different modes of the tube. This is done using colocated microphone and speaker, linked by a DSP containing an observer
and a controller (see Figure 1).
The modal active control, including the state-space model of
the tube, is presented. Then two examples of the simulations
using this model are shown and discussed.

The microphone is placed at the same location (xm = x s ).
The pressure in the duct is described by:
1 ∂2 p(x, t) ∂2 p(x, t)
dv s (t)
=
+ ρ0
δ(x − x s )
2
2
2
dt
c
∂t
∂x

(1)

where p is the acoustic pressure, ρ0 is the density of the
acoustic medium, c the velocity of sound in the medium and
v s the speaker baffle velocity.
Using separation of variables, let
p(x, t) = q(t)V(x)

(2)

Using equations (1) and (2) gives
q̈i (t) + λi qi (t) = bi u s (t)

(3)

where u s (t) = ρ0 dv s (t)/dt, λ is a positive constant and bi =
Vi (x s ). V(x) is such that
V xx (x) +

λ
V(x) = 0
c2

(4)

Hence,
V(x) = αsin(kx) + βcos(kx)

(5)

with k = λ/c . From the closed-open boundary conditions,
there is
V(L) = 0
(6)
2

2

V 0 (0) = 0

(7)

This implies α = 0 and cos(kL) = 0, then ki = (2i + 1)π/2L.
Therefore
Vi (x) = βcos(ki x)
(8)
Vi (.) is scaled so that
!
Z L
1
1
Vi (x)V j (x)dx = δi j
Vi (.), 2 V j (.) = 2
c
c 0

Figure 1: Tube with control system
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Modal Active Control

where δi j is the Kronecker delta. This implies that
r

The modal active control allows the control of the damping and the frequency of the eigenmodes of a system. To
apply this control, it is necessary to build a model of the system. A state-space model of the system is implemented.

2.1

State-Space Model

The State-space model of acoustic ducts developed in [8]
is used and adapted to the simulation and experimental needs,
using [11, 12, 13, 14]. The diameter R of the duct is sufficiently small compared to its length L (R  L) so that the
duct is a one-dimensional waveguide with spatial coordinate
x, where 0 ≤ x ≤ L. The control speaker is placed at x = x s .

(9)

β=c
and thus

2
L

(10)

r

2
cos(ki x)
(11)
L
To obtain a state-space description of the acoustic duct, without considering the modes of the speaker, let
"
#
qi
x(t) =
(12)
q̇i
Vi (x) = c

so that
ẋ(t) = Ax(t) + Bu s (t)

(13)

y(t) = Cx(t)
where

"
A=

0r,r
−diag(ω2i )

(14)

Ir,r
−diag(2ζi ωi )

#

is the system matrix [15], I is the identity matrix,
"
#
0r,1
B=
bi
is the actuator matrix (the speaker matrix) and
h
i
C = Vi (xm ) 01,r

(15)

HOL = C(sI − A)−1 D1

"
D1 =

01,r
Vi (xd )

(17)

#
(19)

is the disturbance matrix.

2.2

Control of the eigenmodes

The control is done using pole placement. The coordinates of the poles are defined by the damping and the angular
frequency of each mode [11 ,12] (see Figure 2):
Re(polen ) = ξn ωn
and

(20)

HCL = C(sI −(A− BK(sI −(A− BK − LC))−1 LC))−1 D1 (25)
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(21)

where ξn and ωn are the damping and the angular frequency
of the nth mode.

Simulations of the control of the
eigenmodes

The frequency domain simulations are done using Matlab, and the time domain simulations with a clarinet-like reed
excitation are done using Modalys.

3.1

Simulation of control

The simulation is made with a tube with length L = 1.2m
and radius R = 0.0155m. The speaker and the microphone
are placed at the entrance of the tube (x s = xm = 0). The
natural frequencies and damping of the tube are determined
with an input impedance algorithm [17]. As the system is
a closed-open tube, the impedance peaks have frequencies
such that fn+1 = (2n + 1) f0 . With this tube, the fundamental
frequency is 71Hz. Only the 10 first modes are modeled. The
pole placement is obtained using Matlab place function.
3.1.1

q
Im(polen ) = ±ωn 1 − ξn2

(24)

Closed loop transfer function HCL is :
(16)

is the sensor matrix (the microphone matrix).
A disturbance signal w(t) located at x = 0 is introduced.
Then
ẋ(t) = Ax(t) + Bu s (t) + D1 w(t)
(18)
where

The simulations show transfer functions obtained in open
loop (without control) and closed loop (with control). Open
loop transfer function HOL is [13]:

Control of the damping of Mode 1

Figure 4 a) and b) show respectively the transfer function at the entrance of the tube and the pole diagram in open
loop and closed loop. Here, the real part of the first pole is
changed, from -3.136 to -9.409 (×3) and its imaginary part
remains the same, ±445. This has been done in order to obtain a damping 3 times higher. This implies a 7dB decrease
of the amplitude.
3.1.2

Control of the frequency of Mode 1

Figures 5 a) and b) show the transfer function at the entrance of the tube and the pole diagram in open loop and
closed loop. Here, the real part of the first pole is changed,
from -3.136 to -2.215 (×0.71) and its imaginary part is
changed, from ±445 to ±314 (×0.71). This has been done
in order to obtain a change in the frequency, from 71Hz to
50Hz. It implies also a 40dB increase of the amplitude (see
part 4).
Figure 2: Single degree of freedom oscillator [12]
It is then possible to choose the damping and the frequency of each mode. Practically, the observer generates a
control gain vector K and an observation gain vector L (see
Figure 3). The control gain vector K is chosen such that
det[sI − (A − BK)] = 0

(22)

where s = iω. The observation gain vector L is used in the
observer control loop such that
L(y − ŷ) → 0

(23)

Figure 3: State-space control schematic [14]

Figure 4: Control of the damping of mode 1 - a) Transfer function at entrance, b) Poles, c) Spectrum of sound

Figure 5: Control of the frequency of mode 1 - a) Transfer function at entrance, b) Poles, c) Spectrum of sound

3.2

Sound synthesis with clarinet-like reed excitation

Sound synthesis with clarinet-like reed excitation is done
using Modalys, by implementing the modes properties of a
cylindrical tube in open loop and closed loop.
3.2.1

Control of the damping of mode 1

Steady state Figure 4 c) shows the spectrum of the sound
produced by Modalys for the open loop and closed loop
cases, when the damping of mode 1 is controlled (the damping is 3 times higher when controlled). The first consequence
on the harmonic sound spectrum is a jump to the second
mode (the twelfth is played). Playing on the second mode
implies the sound to have the odd harmonics of this mode
(circled black, modes 2, 5 and 8), with an increase of the
amplitude of these resonances (+15dB at 213Hz, +18dB at
640Hz, +22dB at 1067Hz). The amplitude of the even multiples is increased too (circled red), particularly at 1280Hz
(+17dB). The effect of the increase of the damping of mode
1 is the same when opening a register key on wind instruments. Recently, the same effect has been observed when the
altitude of the pad of the C-hole of the oboe is differently
adjusted [18].

Figure 6: Attack transients on time simulations (Modalys).
a) Without control, b) Damping of Mode 1 controlled, c)
Frequency of Mode 1 controlled
• Damping
– Decrease : no limits has been found.
– Increase : the damping can be increased 30 times
for the first mode (-25dB). The other modes cannot be changed that much, from 3.5 times (mode
2, -8dB) to 1.7 times (mode 10, -3dB).

Transient Figure 6 shows the attack transient when blowing through a clarinet-like reed in the tube. The three graphs
are done blowing exactly in the same way in the tube. It
shows that the transient is longer in the closed loop case.
There are some jumps between modes 1 and 2, but after five
seconds, the playing stabilizes on the second mode.
3.2.2

• Frequency
– First mode : the frequency of the first mode can be
changed from 10 to 90Hz (natural : 71Hz).
– Other modes : the frequency of all the other modes
(2 to 10) can not be changed more than ±4Hz. Beyond this limit, there is an influence on the amplitude of the other modes. The more the order of the
mode is high, the more the influence is high. For
example, an increase of 20Hz of the 7th mode implies an increase of the amplitude of the first mode
of 21dB, and an increase of 7dB to 2dB of the amplitude of modes 2 to 6.

Control of the frequency of Mode 1

Steady state Figure 5 c) shows the spectrum of the sound
produced by Modalys when the frequency of mode 1 is controlled (the frequency is changed from 71Hz to 50Hz). As
the first mode is no longer in tune with the other modes of the
tube, there is a 30dB decrease of the amplitude between 50Hz
and 1200Hz. The first peak at 50Hz (circled black) has a high
amplitude because of the 40dB increase seen on a). After
1200Hz, and particularly at 1350Hz (circled red), the amplitude is the same than in open loop, and even higher (+7dB
at 1350Hz). The 1350Hz increase is due to the fact that the
frequency is common between the natural modes of the tube
and the harmonics of the sound. The proximity with the reed
resonance (1392Hz) is another reason of this increase.
Transient Figures 6 a) and c) allow a comparison between
the uncontrolled tube and the tube with the control on the
frequency of the first mode. The transient is affected a little. Perceptively, One can hear two pitches : a very low frequency one (50Hz) and a high frequency one (1350Hz).
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Discussion

The modal active control using a single microphone and
a single speaker localised at the entrance of the tube allows
changes in frequency and damping of modes. But other
modes can be affected (more than 1dB). The limits before
this effect are:

– All the modes : each change of the frequency (increase or decrease) comes with an increase of the
amplitude of the controlled mode. The amplitude
of the first mode is increased by 16dB when the
frequency is changed to 90Hz. This increase lowers with the order of the mode but is always higher
when increasing the frequency than when decreasing it. This change in amplitude comes with a
change of damping of about 10%.
With the current model, it is possible to control the damping independently of the frequency, but it is not possible to
control the frequency independently of the damping. Besides, there is a very little possibility of changing the frequency of a mode before there is a consequence on the amplitude of the other modes.
These consequences are the limits of the use of a single microphone and a single speaker with this approach.

5

Conclusion and perspectives

A state-space model of a tube and a modal control method
have been proposed in order to change the playability and

the sound of a simplified wind instrument. The control allows changes in damping and frequency, especially on the
first mode. Some tests about the optimal position of the sensor (microphone) and actuator (speaker) on a specific mode
will be done in the future. Then, a first experiment with a
speaker, a microphone and a DSP will apply this control to a
real tube with the same dimensions, and playing tests will be
done with musicians.
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Curie (UPMC, Paris). We thank gratefully Joel Bensoam and
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