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Summary

This paper reports a new approach to modifying the sound produced by a wind instrument. The approach is
based on modal active control, which enables adjustment of the damping and the frequencies of the different
resonances of a system. A self-sustained oscillating wind instrument can be modeled as an excitation source
coupled to a resonator via a non-linear coupling. The aim of this study is to present simulations of modal active
control applied to a modeled self-sustained oscillating wind instrument in order to modify its playing properties.
The modeled instrument comprises a cylindrical tube coupled to a reed and incorporates a collocated loudspeaker
and microphone; it can thus be considered to approximate a simplified clarinet. Modifications of the pitch, the
strength of the harmonics of the sound produced by the instrument, and of the oscillation threshold are obtained

while controlling the first two resonances of the modeled instrument.

PACS no. 43.50.Ki, 43.75.Pq

1. Introduction

Active control is a means of altering the sound and vibra-
tions of a mechanical system by automatic modification
of its structural response [1]. The important components
for an active control set-up are a sensor to detect the vi-
bration (usually a microphone for acoustical systems), a
controller to manipulate the signal from the sensor, and an
actuator to influence the response of the system (usually a
loudspeaker for acoustical systems).

Two different approaches to active control are com-
monly used; the classical approach and the state-space
approach [2]. The classical approach to active control is
based on transfer functions and involves applying gains,
phase shifting, filters and delays to the vibration signal
measured by the sensor, and then sending the resultant sig-
nal to the actuator. Classical active control can be applied
to a system either over specific frequency ranges or over
the whole bandwidth, but it cannot modify the modal pa-
rameters of the individual resonances of the system in a
targeted manner. Classical active control techniques were
originally developed as a means of reducing vibrations
in mechanical systems [3]. For example, using bandpass
filters and time delays, self-sustained oscillating systems
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such as cavity flow oscillations can be controlled [4]. Mu-
sical wind instruments, such as the clarinet which can be
modeled as an excitation (often referred to as a disturbance
in the context of active control) coupled to a resonator
via a non-linear coupling [5, 6, 7, 8] (see Figure 1), are
self-sustained oscillating systems. In principle, therefore,
it is possible to apply classical active control techniques to
wind instruments to modify their playing properties. Over
the past decade, some preliminary work in this area has
been carried out (this work has followed previous appli-
cations of classical active control to percussion and string
instruments [9, 10, 11]). In particular, classical active con-
trol has been used to play a complete octave on a flute with
no holes [12]. To achieve this, the incident wave was ab-
sorbed by a speaker at the end of the tube, and replaced by
a chosen reflected wave. The classical approach has also
been used to modify all the resonances of a simplified clar-
inet with gain and phase shifting [13], but the control could
not modify the resonances independently.

The state-space approach to active control involves es-
tablishing a state space representation of the system. This
is a mathematical model which, when projected on the
modal base, represents the system in terms of state vari-
ables (expressed as vectors and matrices) containing the
modal parameters (frequency, damping) of the system.
Such a control is called modal active control [1]. Unlike
the classical approach, modal active control enables the
modal parameters of a system to be modified so that in-
dividual resonances can be adjusted to reach target fre-
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quency and damping values [14, 15]. In principle, there-
fore, modal active control should enable the frequencies
and the damping factors of the resonances of a wind instru-
ment to be altered in a specified manner. However, the be-
havior of a self-sustained system with modal active control
applied is unknown and needs to be investigated. There
have been relatively few applications of modal active con-
trol to musical instruments [16, 17] and no application to
wind instruments to the authors’ knowledge.

This paper reports a first step towards applying modal
active control to real musical wind instruments. In this pa-
per, simulations of modal active control applied to a model
of a self-sustained simplified clarinet (i.e., a cylindrical
tube coupled to a reed) are presented. The control is im-
plemented with the intent of adjusting the resonances of
the virtual instrument, thereby altering the timbre of the
sound it produces as well as its playing properties. Such
adjustments provide similar effects to those that would re-
sult from modifying the instrument’s bore profile.

In section 2, a model of a simplified clarinet with an in-
corporated active control system is presented. The clarinet
part of the model is made up of a reed model non-linearly
coupled to a state-space model of the resonator. Mean-
while, the active control part of the model adds the com-
ponents (microphone and loudspeaker) that are required
to enable active control to be applied to the virtual instru-
ment. In section 3, simulations are carried out to demon-
strate the effects of the control. Four sets of simulations
are presented. The first set provides examples of the con-
trol of the frequency and damping of the first resonance of
the tube. The second and third sets provide maps showing
control possibilities, in terms of both frequency and damp-
ing, for the first resonance of this self-sustained oscillating
system. The fourth set provides an example of the control
of the frequency and damping of the second resonance of
the tube. Finally, section 4 provides some conclusions and
outlines the proposed next steps for the research.

2. Modeling a self-sustained oscillating
wind instrument with incorporated
modal active control system

Models of self-sustained wind instruments such as the
clarinet have been reported for over 30 years [6, 18, 7, 8,
5]. In such models, the instrument is described in terms
of both linear (reed, resonator) and non-linear (coupling)
elements (see Figure 1).

In this section, a complete model of a simplified clarinet
with an incorporated modal active control system is devel-
oped (see Figure 2). First, a model of the clarinet reed and
the non-linear coupling is described. Then, a state-space
representation of the resonator is presented. This represen-
tation takes into account possible excitation both from the
reed and from the speaker of the active control system, as
well as monitoring of the pressure by the microphone of
the active control system. Finally, the designs of the ob-
server and controller elements of the active control system
are described.
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Figure 1. Model of a self-sustained wind instrument [6, 19].
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Figure 2. Model of a self-sustained wind instrument with control
system. w, y and u; are defined in equation (24). y and X are the
observer estimations of y and x.

2.1. Reed and non-linear coupling

The model of reed and non-linear coupling used in this
paper is the one described by Karkar et al [8].

In a clarinet, a single reed controls the flow of air from
the player’s mouth into the instrument. Let /() be the po-
sition of the reed at time ¢. Then,

1 .. qr - 1
—h() + w—rh(t) + h(t) — hy = —?(Pm -P@®), (1)

r r

where w, is the resonance frequency of the reed, g, its

damping, Ay its equilibrium position and K, its stiffness.

The - and - symbols represent respectively the first and

second order time derivatives. P, is the pressure in the

player’s mouth and P(¢) the pressure in the mouthpiece.
Using the same assumptions as described in [19] and

following Hirschberg [20], namely that:

o the flow is quasi-static,

e the kinetic energy of the flow is entirely dissipated by
turbulence,

o the pressure is uniformly distributed in the mouthpiece
and equal to that of the input of the resonator,

e the velocity of the air in the musician’s mouth is negli-
gible compared to that of the air in the flow,

the flow can be determined from

U(r) = H(h(1)) sign(P, — P(1))

2|Py — P(1)|
Po '

- Wh(t) @)
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where W is the width of the reed duct and py the den-
sity of the air. The Heaviside function H (h(?)) has been
added to model the contact with the mouthpiece in order
to deal with possible negative 4 values, which may happen
numerically, but are not physical (they would involve the
reed passing through the solid walls of the mouthpiece)
[21]. In a previous paper [22], the Heaviside function was
not used and resulted in non-physical results.

To simplify the formulation of the equations, the follow-
ing dimensionless parameters are introduced:

xn(t) = h(t)/ho,
ya(t) = h(t) /o,
p(t) = P(t)/ Py,
u@®) =U®Z./Pu.

3)

where vy = how, is characteristic of the reed’s velocity
during free motion, Py; = K,hg is the pressure required
to completely close the reed channel in static regime and
Z. = poc/S is the characteristic impedance of the tube
with ¢ the velocity of sound in the medium and .S the sec-
tion of the tube. The motion of the reed and the non-linear
coupling can therefore be described by the following equa-
tions:

1
—xp(t) = yu(D), (4a)
®

r

1
a?).’h(t) = 1=x4(0) +p(®) — v — q-yu(0), (4b)

w(t) = H(xy(0)¢ sign(y = p(1))

~xp OV Iy — p@)l, (40)

where { = Z.W/2ho/poK, is the dimensionless reed
opening parameter and y = P,/ Py represents the dimen-
sionless pressure in the musician’s mouth. Without con-
trol, the oscillation threshold is aty ~ 1/3 + ¢ with e <« 1
[7].

2.2. State-space model of the resonator

Modal active control makes it possible to control the fre-
quencies and damping factors of the modes of a system. To
be able to apply modal active control, however, the sys-
tem must be expressed in terms of a state-space model,
comprising vectors and matrices which describe the sys-
tem’s modal parameters. Here, a state-space model of
the resonator of the simplified clarinet is described. The
model also incorporates the control system, with micro-
phone (sensor) and speaker (actuator) included, as well as
the disturbance (excitation) produced by the reed (see sec-
tion 2.1).

The state-space model of the cylindrical tube used in
this paper is derived in [14]. The diameter 2R of the tube
is sufficiently small compared with its length L,, that the
tube can be considered to be a one-dimensional waveguide
with spatial coordinate z, where 0 < z < L,. In the model,
the speaker element of the control system is positioned at
zZ = Zs, the microphone at z = z,, and the disturbance is
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produced at z = z4. They are all at the same position, at
the input of the tube (z; = z,, = z4 = 0).

The pressure in the tube, with the speaker incorporated
in the tube wall and the reed at the entrance of the tube, is
described by the nonhomogeneous equation

1
c_2ﬁ(z’ D = p'(z.1) + povs(1)6(z — z5)

P0

+
SZ.

w(1)6(z—za), (%)

where p is the dimensionless acoustic pressure, vs the
speaker baffle velocity, 6 the Kronecker delta and u the
dimensionless flow at the input of the instrument. The ’
and " symbols represent respectively the first and second
order spatial derivatives. The second and third terms of the
right-hand side of the equation represent respectively the
contribution of the vibration of the control speaker and the
contribution of the flow coming from the reed channel at
the end of the tube.
Using separation of variables, let

p(z, 1) =V (2)q(), (6)

and consider the homogeneous equation

1
c—zﬁ(z, 1 =7p"(z1). (N

Using equations (6) and (7) gives
" A
Vi(z) + ZV(Z) =0. (®)
Hence,
V(z) = asin(kz) + fcos(kz) )
with k> = 1/c?, where A is a positive constant. As the
tube is modeled as being closed at one end and open at the

other, the following boundary conditions apply:

V(L) =0, (10)
V'(0) = 0. (11)

This implies « = 0 and cos(kL;) = O, then k; = (2i —
1)z /2L;. Therefore

Vi(z) = pcos(k;z). (12)

Vi(z) is scaled so that

I
I
° r

1 1
(v 5v@) = 5 [ mera:
=5, (13)

where 6;; is the Kronecker delta. This implies that

P=cyl7 (14)
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and thus

Vi(2) = eq) = cos(ki2). (15)
VT

where V;(z) is the amplitude of the mode i at position z.
Returning to the nonhomogeneous equation (5), let

p(z.0) =Y V;(2) g;(), (16)
J

so that

1
5 2 60+ 4a0]V) =
J
Po
SZ.

povs(1)6(z — z5) + u(r) 6(z—za), a7

where 4; = ka.cz. Taking the inner product of both sides of
(17) with V;(z) as in (10) and (11) yields

i + 4iqi(t) = bius(t) + giw(1), (18)
where

Us = poVs 19

is the command sent to the speaker while the control sys-
tem is operating, and

bi = Vi(zs), (20)
with V; described in equation (15),

P0
SZ.

w(t) = i Q1)

is the disturbance signal sent by the reed through the non-
linear coupling while the musician is blowing, and

g = Vi(za). (22)

Equation (18) is the undamped normal mode equation for
the cylindrical tube. To obtain a state-space description of
the cylindrical tube with r modes, without considering the
mode of the speaker, and including a proportional modal
damping, let

x(t) = [Zf] C {i=1..r) (23)

where x(7) is the state vector used in the linear model so
that

X(1) = Ax(¢) + Buy(r) + Gw(1),
y(@) = Cx(1), (24)

where u; is defined in equation (19), w(¢) is the distur-
bance signal at z; = 0, y(¢) is the output of the system,
the acoustic pressure measured at the position of the mi-
crophone so that

Y(®) = pam ) = Y Vi(zm)gs, (25)
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and

Or.r Ir,r

A=|_ diag (o7) — diag (2&;0;) @0

is the dynamical matrix which contains the frequencies
and damping factors of the resonances of the cylindrical
tube (with w; and &; respectively denoting the frequency
and the damping factor of the i"* mode). For a real instru-
ment, over an infinite bandwidth, the dynamical matrix A
is infinite with an infinite number of modes. In this pa-
per, where a modeled instrument is studied over a limited
bandwidth, the number of modeled modes is finite. The
modal parameters of these modes are extracted from the
input impedance of the tube, calculated using transmis-
sion matrices with electroacoustical analogues [23], using
a Rational Fraction Polynomials (RFP) algorithm [24].

Meanwhile, I is the identity matrix. From equation (18)
and (19), it follows that

0r,l
by
B = i s 27)

b,
the actuator matrix with b; described in equation (20).
From equation (24) and (25), it follows that

C= [Vl(Zm) < Vilzm) 0l,r] , (28)

the sensor matrix with V; described in equation (15). Fi-
nally, from equation (18) and (21), it follows that

Or, 1

G= , (29)

the disturbance matrix with g; decribed in equation (22).
As with the A matrix, the B, C and G matrices are in-
finitely large for a real instrument. Here, where a modeled
instrument is studied, they are finite in size.

2.3. Modal Control

Modal active control is used to modify the modal parame-
ters of the resonances of a system. In other words, to mod-
ify their frequencies and damping factors.

To apply modal active control to the resonator of the
simplified clarinet, a Luenberger [25] observer and a con-
troller are implemented (see Figure 2). The observer di-
rectly receives what is measured by the microphone; its
role is to rebuild the state vector x using a model of the
system and the measurement y = p. Let A,,, B, and C,
be the modeled identified matrices of the system used by
the observer. In this paper, the model used by the observer
has the same number of modes as the clarinet model de-
veloped in section 2.2 (thus A, = A, B, =B and C, =
C). Meanwhile, let X(¢) be the built state vector estimated
by the Luenberger observer. X(¢) is used by the controller
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to generate a command u,(?) that is transmitted through
the speaker in order to apply the control to the resonator.
This command u,(¢), the same as in equation (24), can be
expressed as

us(1) = —KX(1) (30)

where K is the control gain matrix used to move the poles
s; of the system. K is determined, together with the A,,
and B,, matrices, using a pole placement algorithm (in
this work, the algorithm developed by Kautsky et al [26]
is used).

The frequencies and damping factors of the resonator
may be defined through the poles s; of the A, matrix, that
is its eigenvalues, so that [2]

Re(s) = ¢,

(31)
Im(s;) = 2wi\/1 =&

By using control gains K, these poles can be moved in or-
der to reach new, target values for the resonator’s frequen-
cies (angular frequencies w;,) and damping factors (&; ).
These new poles are the eigenvalues of A, — B, K.
Control of this type is referred to as proportional state
control. The dynamics of this observer can be written

£(t) = A, %(1) + B,u, (1) + L(y() — $(1)).
P(t) = Cok(1)

where L is the observer gain vector. L is chosen such
that the error between the measurement and its estimation,
e, = y—J, converges to zero. It is calculated using a Linear
Quadratic Estimator (LQE) algorithm. The"symbol repre-
sents the estimations of the observer. u,(¢) is calculated in
equation (30).

In the next section, transfer functions are carried out for
both without control and with control (closed loop) condi-
tions. Without control, the system of Figure 1 is described
by

(32)

x(t) = Ax(t) + Gw(z),
y() = Cx(1).

The transfer function Hy ¢ of such a system is then [27]

(33)

Hyo(s) = % =c(s-A)”"'G. (34)

With control applied, the system of Figure 2 is described
by equation (24), (32) and (30). The closed loop transfer
function H¢y is then [27]

Hew(s) = > (35)
- C[sI—(A—BK [sI—(A,,,—BmK—LCm)]_lLC>] 6.

The modal parameters of the transfer functions calculated
with equation (34) and (35) are extracted using a RFP al-
gorithm, as for equation (26).

The sounds and attack transients resulting from the sim-
ulations are also presented and discussed over the remain-
der of the paper.
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Figure 3. Shape of the dimensionless pressure input used for the
simulations.

3. Simulations

In order to validate the control and to observe its possible
effects on the playing frequency, timbre and playability of
notes produced by the modeled clarinet, a series of sim-
ulations is presented. The simulations are carried out us-
ing the Bogacki-Shampine method (ode3 under Simulink)
with a sample time of 1/44100 seconds, and a simulation
time of 3 seconds.

In the simulations, the controlled resonator described by
equation (24), (30) and (32) is excited by a flow u (equa-
tion 21) obtained through the non-linear coupling (equa-
tion 4¢) between it and the reed model (equations 4a and
4b) on which a mouth pressure is applied. Figure 3 shows
the shape of the dimensionless input pressure used. The re-
sultant pressure generated within the resonator (cylindrical
tube) is then fed back into the reed model and the non-
linear coupling thereby ensuring the feedback between the
reed and the resonator is accurately modeled.

In addition, the Luenberger observer measures the acou-
stic pressure at the input of the resonator throughout the
simulation and reports to the controller which provides a
second excitation for the resonator.

The characteristics of the modeled tube and reed are re-
ported in table I[19]. Only the first 8 resonances of the tube
are modeled.

Four sets of simulations are described. The first set pro-
vides examples of the control of the frequency and damp-
ing of the first resonance, in order to establish the effi-
ciency of the control. The second and third sets provide
maps which show the effects of the control of both the fre-
quency and the damping of the first resonance, on the note
produced by the virtual instrument. Finally, the fourth set
provides an example of the control of the frequency and
damping of the second resonance of the modeled tube,
in order to verify the efficiency of the control on a reso-
nance other than the first one. The effects of the control on
the sound spectrum (calculated with the measured acous-
tic pressure) and the attack transient are studied. To em-
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Figure 4. Top : Transfer functions of the system in cases 0 (un-
controlled, solid black line), 1 (f; = 120 Hz, solid grey line), 2
(&, reduced by a factor of 2, dash black line) and 3 (f; = 120Hz
and &, reduced by a factor of 2, dash grey line). The transfer
functions are calculated using equation (34) (case 0) and equa-
tion (35) (cases 1 to 3). Bottom : Phases of the transfer functions
in cases O (solid black line), 1 (solid grey line), 2 (dash black
line) and 3 (dash grey line).

phasise their musical meaning, frequency differences are
described in terms of cents (a semi-tone is 100 cents).

3.1. Examples of control of the frequency and
damping of the first resonance

In this first set of simulations, the efficiency of the con-

trol of the first resonance, in terms of both frequency

and damping, is investigated. Four different cases are pre-
sented:

e (Case 0 : No control;

e Case 1 : The control is applied with the intention of
changing the frequency of the first resonance, from
149 Hz to 120 Hz;

e Case 2 : The control is applied with the intention of re-
ducing the damping of the first resonance &;, by a factor
of 2;

e Case 3 : The control is applied with the intention of
changing the frequency of the first resonance, from
149 Hz to 120 Hz and reducing its damping by a fac-
tor of 2.

Figure 4 shows the transfer functions of the tube in the

four cases. These transfer functions have been determined

using equation (34) (case 0) and equation (35) (cases 1,

2 and 3) with the modal parameters extracted from calcu-

lated input impedance using an RFP algorithm. Table II

shows the modal parameters of the first resonance of the

transfer functions for the four cases. For cases 1 to 3, the
table also shows the differences between the intended (tar-
get) frequencies and damping factors and the frequencies
and damping factors that were actually observed. The con-
troller is very accurate, with no error on the frequency and
only 0.6% error for the damping. In all the cases, the am-
plitude is also affected with an increase of between 4.1 dB
(case 1) and 10.1 dB (case 3). When the control changes
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Table 1. Parameters used to characterise the tube and the reed
[19].

L, 0.57m R 0.007m

f. 1500 Hz e 1

K, 8 x 10° N/m ho 3x10™*m
w 0.015m

Table II. Modal parameters (frequency, amplitude, damping) of
the first resonance of the transfer functions in Figure 4 in cases 0
(uncontrolled), 1 (f; = 120Hz), 2 (;, reduced by a factor of 2)
and 3 (f; = 120Hz and §;, reduced by a factor of 2) and differ-
ences between attempted and obtained frequency and damping
in cases 1 to 3. Frequencies and damping factors are extracted
using a RFP algorithm.

Case 0 1 2 3
Frequency (Hz) 149 120 149 120
Differences (Cents) NA 0 0 0
Damping 0.0179  0.0180 0.0089  0.009
Differences (%) NA 0.6 0.6 0.6
Amplitude (dB) 22.5 26.6 28.5 32.6

Amplitude (dB)

-100

0 500 1000 1500 2000
Frequency (Hz)

Figure 5. Enveloped sound spectra of the self-sustained oscillat-
ing system in cases 0 (uncontrolled, solid black line), 1 (f; =
120 Hz, solid grey line), 2 (&, reduced by a factor of 2, dash
black line) and 3 (f; = 120 Hz and &, reduced by a factor of 2,
dash grey line), with y = 0.4.

the frequency (cases 1 and 3), the amplitude of the third
resonance is also affected, with a decrease of 0.3 dB.

Further explorations of the effects of the control have
shown that increasing the frequency of the first resonance
results in a decrease in its amplitude while decreasing the
frequency of the first resonance results in an increase in its
amplitude.

Figure 5 shows the sound spectra of the steady-states of
the sound produced by the system in the four cases, with
a dimensionless mouth pressure y = 0.4. With the control
applied, the simulation still produces a sound whose pitch
is based on the first resonance of the system. Envelopes
are drawn on the four sound spectra to help illustrate the
number of apparent harmonics (i.e. harmonics that are vis-
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ible above the background noise level) in each sound. It
can be seen that when the control is applied with the in-
tention of changing the frequency of the first resonance
(cases 1 and 3), the number of apparent harmonics in the
sound spectrum is reduced. The reason for this is that the
shifting of the first resonance frequency has caused it to
be no longer harmonically related to the frequencies of the
higher resonances. As a result, the upper harmonics in the
sound are weakened. Conversely, when the control is ap-
plied with the intention of reducing the damping of the first
resonance, the number of apparent harmonics in the sound
is increased. It can be seen that the sound spectrum in case
2 has more apparent harmonics than the spectrum in case
0, and the sound spectrum in case 3 has more apparent har-
monics than the spectrum in case 1. The effect of decreas-
ing the damping is similar to that of increasing the mouth
pressure. With the observed changes in the relative ampli-
tudes of the harmonics in the sound spectra across the four
cases, it is clear that the control has an effec t (in terms of
both intonation and timbre) on the sound produced by the
virtual instrument.

Figure 6 shows the attack transients of the self-sustained
system in the four cases, with y = 0.4 (remember that in
each case the mouth pressure applied to the reed model is
as shown in Figure 3). It can be seen from Figure 6 that
the attack transient is shorter in the cases where the con-
trol is applied; it is 1.05 seconds in duration when there is
no control, 0.12s shorter (11% decrease) in case 1, 0.21s
shorter (19% decrease) in case 2 and 0.34s shorter (31%
decrease) in case 3. The amplitude of the signal is also
affected, with increases of 19% (case 1 and 2) and 32%
(case 3), but the waveform (not shown on the figure) is
not affected. With the observed changes in the attack tran-
sient of the sound produced across the four cases, it is clear
that the control has an effect on the onset of the note and
appears to be affecting the playing characteristics of the
virtual instrument.

3.2. Control of the frequency of the first resonance

This second set of simulations further explores the effects
of the control on the frequency of the first resonance. In the
simulations, the control is applied such that the frequency
of the first resonance f; is varied from 20 Hz to 300 Hz
in 1 Hz steps. For each frequency, the value of the dimen-
sionless mouth pressure y is varied from O (null pressure in
the mouth of the musician) to 1 (the reed channel is closed
in static regime) in 0.002 steps. In total, 140781 separate
simulations are performed.

Figure 7 shows the entire search space covered by the
simulations. The shaded regions correspond to conditions
(first resonance frequencies and mouth pressure) which
provide self-sustained oscillation. That is, conditions un-
der which a note is produced. The depth of the shading
(from light gray to black) indicates the playing frequen-
cies of the note produced. (In this paper, the fundamen-
tal frequency of any given note produced by the virtual
instrument is considered to be the playing frequency of
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Figure 6. Attack transients of the self-sustained oscillating sys-
tem with y = 0.4. Top left : Case O (uncontrolled). Top right :
Case 1 (f1 = 120Hz). Bottom left : Case 2 (&, reduced by a
factor of 2). Bottom right : Case 3 (f; = 120Hz and &;, reduced
by a factor of 2).
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Figure 7. Map of the playing frequencies f, (indicated by the
depth of shading) of the notes played by the simulations plotted
with respect to the frequency of the first resonance f; (ordinate)
and to the pressure in the mouth of the musician y (abscissa).
White regions correspond to conditions under which no note is
produced.

that note.) The white regions correspond to conditions un-
der which no note is produced. That is, conditions which
do not support self-sustained oscillation. It can be seen
that, provided the dimensionless mouth pressure is greater
than approximately 0.4, stable solutions exist for all the
first resonance frequencies tested in the simulations. This
observation regarding the oscillation threshold (minimum
mouth pressure which provides self-sustained oscillation)
corroborates section 2.1.

Examination of Figure 7 reveals two main shaded re-
gions; a black region in the bottom right corner of the map
and a largely gray region in the top right corner of the map.

The black region corresponds to conditions that result
in the playing frequency (and therefore the pitch) of the
note produced by the virtual clarinet being based on the
first resonance of the system. Broadly speaking, these con-
ditions occur when the dimensionless mouth pressure falls
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Figure 8. Enveloped sound spectra of notes produced by the un-
controlled (solid black line) self-sustained oscillating system and
by the system with 2 cases of control applied, f; = 30 Hz (dash
black line) and f; = 194 Hz (solid gray line), and with y = 0.5.

in the range 0.34 < y < 1 and when the first resonance fre-
quency falls in the range 20Hz < f; < 196 Hz. However,
close inspection of the left hand side of the black region
reveals that the oscillation threshold (i.e. the mouth pres-
sure at which the first non-white pixel is reached as one
moves horizontally across the figure) actually increases
from 0.34 to 0.4 as the frequency of the first resonance
is increased. Within the black region, the playing frequen-
cies range from 10Hz to 194.3 Hz.

The gray region corresponds to conditions under which
the playing frequency (and thus the pitch) of the note pro-
duced by the virtual clarinet becomes based on the sec-
ond resonance of the system. (The effect is similar to
that which results from opening a register key in a real
wind instrument, where the amplitude of the first reso-
nance is reduced and its frequency is altered so that there
is no longer a harmonic relationship with the higher reso-
nance frequencies [28].) In general, these conditions oc-
cur when the dimensionless mouth pressure falls in the
range 0.362 < y < 1 and when the first resonance fre-
quency falls in the range 197 Hz < f; < 300 Hz. However,
close inspection of the left hand side of the gray region re-
veals that the oscillation threshold actually decreases from
0.4 to 0.362 as the frequency of the first resonance is in-
creased. Without any control applied, the first two reso-
nance frequencies of the cylindrical tube are 149 Hz and
448 Hz respectively. The control is applied with the inten-
tion of shifting the first resonance frequency; the second
resonance frequency of the resonator should remain un-
changed at 448 Hz. However, within the gray region where
the note produced is based on the second resonance of
the system, the playing frequencies do not match this sec-
ond resonance frequency exactly; instead they range from
4349 Hz to 444.6 Hz.

Within the gray region of Figure 7, there is a small
darker region corresponding to specific conditions where
the playing frequency (pitch) of the note produced by the
virtual clarinet once again becomes based on the first res-
onance frequency of the instrument. These conditions oc-
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cur when the dimensionless mouth pressure is in the range
0.474 < y < 0.516 and when the first resonance frequency
is in the range 208 Hz < f; < 224 Hz. The reason that the
playing frequency becomes based on the first resonance
frequency under these conditions can be understood if it
is recalled that the resonator of the virtual instrument is a
closed-open cylindrical tube. Without control applied, the
frequencies of the first two resonances of the tube have a
harmonic relationship, with f, = 3 x f;. When the con-
trol is applied, the frequency of the first resonance is al-
tered so that, in general, it no longer has a harmonic rela-
tionship with the higher resonance frequencies. However,
under the conditions corresponding to the small darker re-
gion, the first resonance frequency is shifted upwards such
that the frequencies of the first two resonances of the tube
are once more approximately harmonically related, with
now f, =2 x fj.

Figure 8 shows the sound spectra of three notes ob-
tained from the simulations with a dimensionless mouth
pressure of y = 0.5; with no control applied and with con-
trol applied to give first resonance frequencies of 30 Hz
and 194 Hz.

When f; = 30 Hz, the playing frequency of the note is
based on the first resonance of the system. The low first
resonance frequency results in closely spaced harmonics
in the spectrum. However, these harmonics tend to be low
in amplitude because the majority are not supported by the
higher resonances of the tube (which are not harmonically
related in frequency to the first tube resonance). It is only
when the frequencies of the harmonics happen to coincide
with those of the higher resonances of the tube (at around
448 Hz, for example, which is the second resonance fre-
quency) that their amplitudes become greater. It should be
noted that in the simulations, the dynamics of the loud-
speaker are not modeled. This makes it possible to alter
the first resonance frequency by such a large amount and
still produce a sound. In reality, the loudspeaker dynamics
will prevent the control from achieving such a large degree
of variation of the resonance frequencies.

When f; = 194 Hz with a mouth pressure of y = 0.5,
the playing frequency is based on the first resonance of
the system, and it is at the edge of the register change.
The high first resonance frequency results in an increase in
the frequency separation of the harmonics in the spectrum.
It can be seen that at lower frequencies (under 1650 Hz),
these harmonics have a lower amplitude compared to the
uncontrolled system, because they are not supported by
the higher resonances of the tube (which are not harmon-
ically related in frequency to the first tube resonance).
At higher frequencies, especially for the harmonics with
frequency 1940 Hz and 2328 Hz, this amplitude becomes
higher compared to the system with no control, suggesting
that these harmonics may coincide in frequency with (and
hence be supported by) higher resonances of the tube.

Figure 9 shows the playing frequencies f, observed in
the black region of Figure 7 (20Hz < f| < 196 Hz) plot-
ted with respect to the mouth pressure y. Each line corre-
sponds to a single value of f; (i.e. a single target first res-



Meurisse et al.: Self-sustained oscillations of clarinet

onance frequency) and the lines go up in 2 Hz steps. Fig-
ure 9 therefore shows the behaviour of the system when the
mouth pressure is increased. There are three zones where
the lines converge, highlighted by arrows on the right side
of the figure.

The region indicated by the first arrow corresponds to a
frequency range where the controlled f; is approximately
harmonically related to the other resonances of the tube
(that is, f» = 3 x f1, f3 = 5 x f1, and so on). There-
fore over this range the reed will be strongly supported
(by all the resonances) in opening and closing at a rate ap-
proximately equal to f,/3, that is at a frequency close to
the value of f; when no control is applied. Therefore, the
playing frequency f, in this region is approximately equal
to f2/3.

Similarly, the region indicated by the second arrow cor-
responds to a frequency range where the controlled f)
is approximately harmonically related to the second res-
onance of the tube (f; = 4 x f1). Over this range the reed
will be strongly supported (by both the first and second
resonances) in opening and closing at a rate approximately
equal to f>/4. Therefore, the playing frequency f), in this
region is approximately f> /4.

And the region indicated by the third arrow corresponds
to a frequency range where the controlled f; is approxi-
mately harmonically related to the third resonance of the
tube (f3 = 4 x f1). For this frequency range, the reed will
be strongly supported by the first and third resonances in
opening at a rate approximately equal to f3/4. Therefore,
the playing frequency f, in this region is approximately

f3/4.

3.3. Control of the Damping of the First Resonance

This third set of simulations further explores the effects

of the control on the damping of the first resonance. In

the simulations, the control is applied such that the natural

damping of the first resonance &, is:

o Increased by factors from O to 1.15 (times the natural
damping (&;,)) in 0.05x steps;

o Increased by factors from 1.2 to 5.4 in 0.2x steps;

o Increased by factors from 5.5 to 10.5 in 0.5x steps;

o Increased by factors from 11 to 20 in 1 x steps.

For each damping value, the value of the dimensionless

mouth pressure y is varied from O (null pressure in the

mouth of the musician) to 1 (the reed channel is closed

in static regime) in 0.002 steps. In total, 33567 separate

simulations are performed.

Figure 10 shows the entire search space covered by the
simulations. As before, the shaded regions correspond to
conditions (first resonance frequencies and mouth pres-
sure) which provide self-sustained oscillation. That is,
conditions under which a note is produced. The depth of
the shading (from light gray to black) indicates the playing
frequencies of the note produced. The white regions cor-
respond to conditions under which no note is produced.
That is, conditions which do not support self-sustained os-
cillation. It can be seen that, provided the dimensionless
mouth pressure is greater than approximately 0.4, stable
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Figure 9. Playing frequencies f, observed in the black region
of Figure 7 (20Hz < f; < 196 Hz) plotted with respect to the
mouth pressure y. Each line stands for a single value of f (i.e. a
single target first resonance frequency). The first arrow indicates
aregion such that f; ~ f,/3, the second arrow indicates a region
around f| & f>/4, and the third arrow indicates a region around

fi = f3/4
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Figure 10. Map of the playing frequencies (indicated by the depth
of shading) of the notes played by the simulations plotted with
respect to the target modification of the damping of the first res-
onance (ordinate, §&; = value x &;,) and to the pressure in the
mouth of the musician y (abscissa). White regions correspond to
conditions under which no note is produced.

solutions exist for all the first resonance damping factors
tested in the simulations. This observation regarding the
oscillation threshold also corroborates section 2.1.
Examination of Figure 10 reveals two main shaded re-
gions; a black region in the bottom right corner of the map
and a large gray region in the top right corner of the map.
The black region corresponds to conditions that result in
the playing frequency (and therefore the pitch) of the note
produced by the virtual clarinet being based on the first
resonance of the system. Broadly speaking, these condi-
tions occur when the dimensionless mouth pressure falls
in the range 0.34 < y < 1 and when the first resonance
damping factor falls in the range 0 x &;, < & <4.2 x &,.
However, close inspection of the left hand side of the black
region reveals that the oscillation threshold (i.e. the mouth
pressure at which the first non-white pixel is reached
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as one moves horizontally across the figure) actually in-
creases from 0.34 to 0.41 as the damping of the first res-
onance is increased. Within the black region, the playing
frequencies range from 146.7 Hz to 147.9 Hz, which is a
little under the frequency of the first resonance, 149 Hz.

The gray region corresponds to conditions under which
the playing frequency (and thus the pitch) of the note pro-
duced by the virtual clarinet becomes based on the second
resonance of the system. In general, these conditions occur
when the dimensionless mouth pressure falls in the range
0.39 < y < 1 and when the first resonance damping factor
falls in the range 2 x &;, < & < 20 x &;,. However, close
inspection of the left hand side of the gray region reveals
that the oscillation threshold actually decreases from 0.41
to 0.39 as the damping of the first resonance is increased.
Within the gray region the playing frequencies range from
440.3 Hz to 444 Hz, which is close to the frequency of the
second resonance, 448 Hz.

The black region extends up to a damping value of
4.2 x &, at a mouth pressure y = 0.85. This is the largest
damping value possible before a change in register occurs.
Indeed, at this point, increasing or decreasing the mouth
pressure results in a register change from the first regis-
ter to the second register (i.e. the playing frequency (and
thus the pitch) of the note produced by the virtual clarinet
becomes based on the second resonance).

Figure 11 shows the sound spectra of three notes ob-
tained from the simulations with a dimensionless mouth
pressure of y = 0.41; with no control applied and with
control applied to give first resonance damping factors re-
duced by a factor of 100, and increased by a factor of 10.

When ¢, is reduced by a factor of 100, the playing fre-
quency of the note is based on the first resonance of the
system. Reducing the damping in this way results in an in-
crease of the amplitude of all the harmonics (from +2.5 dB
to +12.5dB), with one more apparent harmonic (i.e. har-
monic that is visible above the background noise level).
This effect is similar to increasing the mouth pressure.

When &, is increased by a factor of 10, the playing fre-
quency of the note is based on the second resonance of the
system. The last apparent harmonic in the sound spectrum
is the same as for the sound produced with no control ap-
plied, but as the playing frequency is now based on the
second resonance of the system, the number of harmonics
in the spectrum is decreased by a factor of 3.

3.4. Example of control of the frequency and damp-
ing of the second resonance

Sections 3.1, 3.2 and 3.3 explored the effects of the control
of the frequency and damping of the first resonance of the
modeled tube. It is also possible to apply the active control
to the other tube resonances.

In this fourth set of simulations, an example of the con-
trol of the second resonance, in terms of both frequency
and damping, is presented. The control is applied with the
intention of modifying the frequency of the second reso-
nance from f, = 448 Hz to f, = 470 Hz and reducing its
damping value by a factor of 2.
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Figure 11. Enveloped sound spectra of notes produced by the
uncontrolled (solid black line) self-sustained oscillating system
and by the system with 2 cases of control applied, £;, reduced by
a factor of 100 (dash black line) and &;, increased by a factor of
10 (solid gray line), and with y = 0.41.
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Figure 12. Top : Transfer functions of the system without control
(solid black line) and with control applied with the aim of mod-
ifying the frequency of the second resonance, from f, = 448 Hz
to f» = 470 Hz and reducing its damping by a factor of 2 (dash
black line). Bottom : Phases of the transfer functions with no
control (solid black line) and with control applied (dash black
line).

Figure 12 shows the transfer functions of the uncon-
trolled tube and the tube with control applied. These trans-
fer functions have been determined using equation (34)
(uncontrolled tube) and equation (35) (control applied)
with the modal parameters extracted from the calculated
input impedance using an RFP algorithm. Table III shows
the modal parameters of the first 8 resonances of the trans-
fer functions without control and with control applied. The
table also shows the differences between the intended (tar-
get) frequencies and damping factors and the frequencies
and damping factors that were actually observed. Modi-
fications of the amplitude due to the control are also ob-
served. As only the second resonance is controlled, for
all the other seven resonances the intended values are the
same as the values when uncontrolled. The controller is
very accurate for the frequency and damping, with no er-
ror on the frequency of the controlled resonance and no
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Table III. Modal parameters (frequency, amplitude, damping) of the resonances of the transfer functions (Figure 12) of the uncontrolled
(U) and controlled (C) tubes and differences between intended (7") and obtained values. For resonances 1 and 3 to 8, intended values
and values when uncontrolled are the same. Frequencies and damping are extracted using a RFP algorithm.

Resonance 1 2 4 5 6 7 8
Frequency (Hz) U 149 448 1046 1344 1643 1942 2242
C 149 470 1046 1344 1643 1942 2242
(T : 470)
Difference (cents) 0 0 0 0 0 0 0
Damping U 0.0178 0.0105 0.0082 0.0071 0.0065 0.006 0.0057 0.0054
C 0.0178 0.0055 0.0083 0.0072 0.0067 0.0059 0.0056 0.0053
(T : 0.0053)
Difference (%) 0 3 1 1 1 1 1
Amplitude (dB) U 22.5 8.1 -3.3 -6.8 -9.6 -12 -14
C 21.8 13.1 -3 -6.6 9.5 -11.9 -13.9
Difference (dB) -0.7 +5 +0.3 +0.2 +0.1 +0.1 +0.1
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Figure 13. Enveloped sound spectra of the notes produced by
the self-sustained oscillating system without control (solid black
line) and with control applied with the aim of modifying the fre-
quency of the second resonance, from f, = 448Hz to f, =
470Hz and reducing its damping by a factor of 2 (dash black
line), with y = 0.4.

more than 3% error for the damping. The amplitude of the
controlled resonance is however affected with an increase
of 5dB. The amplitude of all the other resonances is also
affected with a decrease of 0.7 dB of the first resonance,
and increases of between 0.1 dB (resonances 6 to 8) and
0.6 dB (resonance 3).

Figure 13 shows the sound spectra of the steady-states
of the sound produced by the system when uncontrolled
and with the control applied, with a dimensionless mouth
pressure y = 0.4. With the control applied, the simulation
still produces a sound whose pitch is based on the first res-
onance of the system. However, it can be seen that with the
control, the number of apparent harmonics (i.e. harmonics
that are visible above the background noise level) in the
sound spectrum is reduced. The reason for this is that the
shifting of the second resonance frequency has caused it
to be no longer harmonically related to the frequency of
the first resonance. As a result, the strength of the second
harmonic in the sound is weakened, as well as the strength
of the upper harmonics. With the observed changes in the

Figure 14. Attack transients of the self-sustained oscillating sys-
tem with y = 0.4. Top: uncontrolled. Bottom: control applied
with the aim of modifying the frequency of the second resonance,
from f, = 448 Hz to f, = 470 Hz and reducing its damping by a
factor of 2.

relative amplitudes of the harmonics in the sound spectra,
it is clear that the control of the second resonance also has
an effect (in terms of timbre) on the sound produced by
the virtual instrument.

Figure 14 shows the attack transients of the self-sus-
tained system when uncontrolled and with the control ap-
plied, with y = 0.4 (the mouth pressure applied to the reed
model is as shown in Figure 3). Remember that even with
the control applied, the model still produces a sound whose
pitch is based on the first resonance of the system. It can be
seen from Figure 14 that the attack transient is longer when
the control is applied; it is 1.05 seconds in duration when
there is no control, 0.12 s longer (11% increase) when the
control is applied. The amplitude of the signal is also af-
fected, with an increase of 4%, and the waveform is modi-
fied, from a square-like signal to a more sinusoidal-shaped
signal. With the observed changes in the attack transient of
the sound produced, it is clear that the control of the sec-
ond resonance also has an effect on the onset of the note
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and appears to be affecting the playing characteristics of
the virtual instrument.

4. Conclusion and perspectives

In this paper, simulations of modal active control using
linear quadratic estimator and pole placement algorithms
applied to a model of a self-sustained simplified clarinet
in order to modify its emitted sound and playability have
been presented. To the authors’ knowledge, it is the first
time that such a control has been applied to a self-sustained
system. Effects of this control have been studied with four
sets of simulations. Modifications were observed of:

o the pitch of the sound produced by the instrument,

o the strength of the harmonics of the sound,

e the oscillation threshold.

The controller has been shown to be very accurate with
respect to the control of the damping and frequency of
the first resonance. Similar levels of accuracy have been
demonstrated when controlling a higher resonance (the
second resonance), although in this case the control led
to unintended modifications of the amplitudes of the un-
controlled resonances. Meanwhile, the control of the first
and second resonances has been shown to lead to modifi-
cations in the sound spectra and attack transients of notes
produced by the modeled simplified clarinet. The harmon-
ics in the sound spectra were observed to be weakened as
a result of either frequency changes or increases in damp-
ing of the resonances, and strengthened as a result of de-
creases in damping. Moreover, large increases in the fre-
quency and/or damping of the first resonance resulted in a
reduction in its amplitude leading to a change in the reg-
ister of the note produced. This effect is the same as that
resulting from opening a register hole in a real wind in-
strument.

Although the simulations have demonstrated the great
potential of modal active control for modifying the fre-
quencies and damping values of the resonances of a wind
instrument, it should be noted that no consideration has so
far been given to the dynamics of the loudspeaker used to
apply the control. These loudspeaker dynamics will place
restrictions on the extent to which the frequencies and
damping values of a given resonance can be modified. It
is planned to take into account the loudspeaker properties
in the simulations in order to make them more realistic.
A study of the limits and possibilities of the control of all
the resonances (i.e. the limits of the pole placement with
respect to the mouth pressure) will then be carried out. In
addition, the optimal positions of the sensor (microphone)
and actuator (loudspeaker) will be investigated. It is then
planned to apply the control to a real simplified instrument.
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