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ABSTRACT

The ondes Martenot is an electric musical instrument that was
presented for the first time in Paris in 1928. An electrical wave-
form is generated by a heterodyne oscillator whose fundamen-
tal frequency is controlled by modifying the oscillator capaci-
tance/inductance using a ribbon/keyboard. A drawer enables the
performer to filter the wave and to specify the volume and artic-
ulation. The resulting wave is fed to one or multiple diffuseurs,
that convert it into soundwaves.

The first diffuseurs used a so-called electromagnetic (or moving-
iron) loudspeaker, that was combined around 1937 with an elec-
trodynamic (or moving-coil) loudspeaker, which is the standard
technology today.

The behaviour of a less known electromagnetic loudspeaker
from 1937 is studied with the longer term goal to preserve the
sound heritage of an instrument whose conservation state does
not allow for musical practice. The loudspeaker consists of a
permanent magnet and two electromagnets whose combined flux
lets a metal reed vibrate. A rod connects the moving reed to the
apex of a paper cone, that generates the resulting soundwave.

In the current paper, a minimal physical model for this electro-
magnetic loudspeaker is derived. It is shown that its operating
principle is inherently nonlinear, as opposed to the linear Thiele
& Small model for electrodynamic loudspeakers. Furthermore,
a first experimental measurement on a heritage diffuseur enables
to quantify the nonlinearities presented by the electromagnetic
loudspeaker.
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1. INTRODUCTION
1.1 Ondes Martenot

The ondes Martenot is an early electric musical instrument, in-
vented by Maurice Martenot (1898-1980) [1,2]. The instrument
is in constant evolution and categorized in 7 models.

The first model is presented in 1928 during a concert at the
Opéra de Paris, played by jeu a distance: the standing musician
moves a string to control pitch.

During the Exposition Universelle in Paris in 1937 [3,4], the
fifth model is presented (Fig. 1). An electric waveform is gener-
ated from a fixed and variable high frequency oscillator by a het-
erodyne circuit with vacuum tubes. The fundamental frequency
of the played note is controlled by the right hand of the musi-
cian by modifying the oscillator capacitance/inductance using a
ribbon/keyboard [2]. The drawer (Fig. 2) is operated by the left
hand. An intensity key is depressed to specify volume and articu-
lation. Several switches enable to modify the timbre by filtering.
The resulting electric wave is sent to one or multiple diffuseurs
activated by four switches.

1.2 Diffuseurs

The electric wave generated by the instrument is converted into
a sound wave by use of one or several diffuseurs.

1.2.1 Chronology

One can discern following types of diffuseurs.

1. The earliest versions of the instrument most likely used
commercially available electromagnetic loudspeakers (that will
be discussed below), such as the example seen in Fig. 3(a).
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ribbon and keyboard

drawer: intensity key, filters,
selection of diffuseurs

Figure 1: Ondes 169 (E.991.8.4) from 1937 and its principal components [Photo © Claude Germain, Philharmonie de

Paris]

Figure 2: Drawer of ondes 169 (E.991.8.4): selection of
diffuseurs A, B, C, D [Photo © Claude Germain, Philhar-
monie de Paris]

2. The 5th ondes Martenot model (1937) used up to 4 dif-
fuseurs, denoted A, B, C, D as seen on the drawer (Fig. 2). On
Fig. 3(c), one sees the diffuseur AB containing an electrody-
namic loudspeaker (A) and an electromagnetic loudspeaker (B),
that will be studied below. An instance of the diffuseur C' pre-
served at the Musée de la Musique contains an electrodynamic
loudspeaker with an amplifier, and a second amplifier for the
diffuseur D that was probably an electrodynamic loudspeaker as
well.

This ondes model has been used in several outdoor musical
performances, for instance during the Exposition Universelle in
Paris in 1937 and the show Le Vray Mistere de la Passion in
front of the Notre-Dame cathedral (Fig. 3(b)), as described in
[7]. The author witnesses the power and range of the sound that
could be heard at very large distance, which corresponds to the
aforementioned presence of power amplifiers.

(a) 1934, chamber music by Maurice Martenot demon- (b) 1937, outdoor concerts [6, 7] (c) 1949, concerts in Boston [Photo
strating an earlier ondes version [5] [Video © British [Photo © gallica.bnf.fr /Bib- © J. Walter Green, Collection Ginette

Pathé] liotheque Nationale de France]

Martenot-Lazard, reproduced from [1]]

Figure 3: References of early diffuseurs
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3. Later, next to a diffuseur principal (electrodynamic loud-
speaker with standard cone), Martenot has designed several dif-
fuseurs that are meant to influence the timbre and reverberation
of the produced sound [8]: métallique (1944-1945 [9, p. 116],
patented in 1947, a gong excited by a motor), palme (1949-1950,
an electromagnet driving 12 metal strings attached to a sound-
board [10], shown in Fig. 3(c)), résonance/réverbéré (1970s,
used with the transistored 7th ondes model, metal springs ex-
cited by a motor). These diffuseurs are indicated by D*, D2,
D2, D* in musical scores and are still used by ondists today.

1.2.2 Contribution

The few electromagnetic loudspeakers that are conserved do not
allow for occasional or regular musical practices and are not
well known. The goal of the present project is to study their be-
haviour using physical modelling and identification by experi-
mental measurements.

In the longer term, the obtained results could be used to
reconstruct the sound [11] by numerical sound synthesis [12],
constructing a facsimile, or active control of contemporary loud-
speakers, in order to preserve the sound heritage of this musical
instrument.

(a) Diffuseur AB of ondes 132 (E.982.9.1) from 1930-1934

permanent
magnet

| .
' coil

(b) Diffuseur A: electrodynamic loudspeaker

permanent magnet

pole piece

(c) Diffuseur B: electromagnetic loudspeaker

Figure 3: Diffuseur AB
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2. THE DIFFUSEUR AB

Two diffuseurs AB are conserved at the Musée de la Musique
de la Philharmonie de Paris: one corresponding to ondes 132
dated from 1930-1934 (E.982.9.1, shown in Fig. 3(a)) and one
corresponding to ondes 169 dated from 1937 (E.991.8.4).

2.1 Diffuseur A: electrodynamic loudspeaker

The structure of the electrodynamic (or moving coil/conductor)
loudspeaker is shown in Fig. 3(b). An oscillating current ¢(¢)
flows in a coil that is located inside a radial magnetic field.
Therefore, a Laplace force F(t) is created that is proportional
to the current:

F(t) = Bti(t), eY)

with ¢ the length of the coil inside the magnetic field of strength
B. This force is applied to the moving element that lets the cone
vibrate, the latter being modeled as a linear lumped mass(m)-
spring(k)-damper(c) system of transverse position y(¢):

B(t) = m(t) + cy(t) + ky(t).

The voltage at the loudspeaker terminals depends on the circuit’s
resistance R, inductance L, and counter-electromotive force de-
pending on the cone velocity y:

o(t) = Rift) + L9 o)

This elementary linear model is known as the Thiele &
Small model [13, 14]. It constitutes a time-invariant lumped-
parameter model that is valid for excitations that are low-
frequency, low-amplitude and short. Secondary nonlinearities
[15, 16], such as space variation of the force factor B¢ at great
displacements, are not taken into account.

2.2 Diffuseur B: electromagnetic loudspeaker

The structure of the electromagnetic (or moving iron/armature)
loudspeaker is represented in Fig. 3(c). This older loudspeaker
type has evolved from headphones with a vibrating ferromag-
netic plate, that has been replaced by an acoustically more effi-
cient paper cone driven by a ferromagnetic reed. There exist a
variety of motor layouts differing in the form of reed and num-
ber and orientation of permanent magnet(s) and coil(s); and thus
in size and efficiency [17, 18].

A magnetic flux path is created that passes through the reed
via a (varying) air gap. The flux ®(¢) in the air gap gives rise to
a force . )

F(t) =33 @)
on the reed trying to close the air gap, according to [18, Eq.
(7.1)]- [19, Eq. (4.47)], with po the vacuum magnetic perme-
ability and A, the surface of the air gap.

The total flux ®(t) is composed of a contribution @, by the
permanent magnet(s), and a time-varying contribution ®1(¢) by
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the coil(s). Let! ®;(t) = ®.coswt. As discussed in [17, pp.
12-13], this corresponds to a force

Do + D, 2
Flt) = (®o + D coswt)
2MOIéla
1 o2 %
=_—— | ®2+ =5 4+ 201D, coswt + — cos 2wt | .
210 Aa 2 2
—_——— —— ———

DC fundamental octave
3)
The DC term determines the resting position of the reed. The
amplitude of the useful force component with fundamental pul-
sation w depends on both the coil flux and the flux of the perma-
nent magnet. The last term represents a nonlinear distortion in
the form of a force with double pulsation 2w.

As mentioned in [20] as well, if there were no permanent
magnet ($o = 0), there would only be a force component at
the double frequency: the coil would attract the reed twice per
period. Furthermore, it is not feasible to reduce ®. in order to
reduce the octave harmonic, as this would require a larger ®g
to compensate for the loss of sound volume at the fundamental
frequency, which would lead to ferromagnetic saturation.

The force (2) applied to the reed is transmitted by the rod
to the apex of the cone, that can again be modeled as a mass-
spring-damper system.

It turns out that the electromagnetic loudspeaker type is in-
herently nonlinear because the generated force depends quadrat-
ically on the current, instead of the linear relation (1) for the
electrodynamic loudspeaker, even without taking into account
secondary nonlinear phenomena such as eddy currents and mag-
netic saturation. A second drawback of this type of loudspeaker
is its smaller bandwidth as compared to the electrodynamic loud-
speaker [21].

Until 1930, the electromagnetic loudspeaker was still the
most used technology. As mentioned in [22], both types of loud-
speakers coexisted in the 1930s and could even be used simulta-
neously if wanted. Later, the electrodynamic loudspeaker would
become the standard type because of its better characteristics
and advancing technology. Martenot’s diffuseur AB (1937) cor-
responds to this evolution. It is possible that he used only electro-
dynamic loudspeakers for the amplified diffuseurs CD because
the nonlinear character of electromagnetic loudspeakers would
be more prominent at higher excitation levels [17], and to have a
wider bandwidth.

The current study focuses further on the mentioned diffuseur
B for which a physical model is established in Section 3, fol-
lowed by first experimental measurements in Section 4.

' A more explicit formulation of the force F'(t) for the considered
electromagnetic loudspeaker layout will be given by (5), that shows its
dependence on excitation current 7(¢) and air gap size la(t).

2 Although some more advanced layouts allow to partially remove the
quadratic dependence [17].
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Figure 4: Idealized flux path through pole pieces, air gaps and reed, at rest position (y = 0), as seen in the direction
indicated in Fig. 3(c). The figure is not to scale; especially, the transverse distance e is exaggerated for clarity.

3. PHYSICAL MODEL

The elementary physical model for the moving iron loudspeaker
introduced in Subsec. 2.2 is further developed here. This ap-
proach based on the magnetic circuit and air gap force was
applied to an alternative electromagnetic motor layout, the
balanced-armature motor, in [18, Ch. 7] (applied to telephony
and relays) and [23] (applied to hearing aid receivers).

3.1 Magnetic domain

Following assumptions are made.
 Secondary nonlinear effects such as eddy currents, ferro-
magnetic saturation and hysteresis are neglected. All fer-
romagnetic materials behave linearly.

* There is no leakage flux: the magnetic flux is concentrated
in the ferromagnetic materials and the air gaps.

* The reluctance of ferromagnetic materials is neglected

compared to the reluctance of the air gap.

For that case, the idealized flux path between the poles of
the horseshoe magnet is shown in Fig. 4. The pole pieces are
laminated to reduce eddy current losses. They are interrupted
beneath the reed, except for a first and last layer for structural
purposes. Because of this large horizontal air gap, the flux is
directed through the reed across a very small transverse air gap > .

The corresponding magnetic circuit is schematized in Fig. 5.

It contains following magnetomotive forces: a constant con-
tribution F;, by the permanent magnet and a time-varying con-

tribution N
Flt) = Silt)

3 The air gap in electromagnetic loudspeakers has to be perfectly
flat [17] and is very small: typical values in the range 1/10mm-1/50mm
[17] are mentioned. Furthermore, a mechanical tuning system enables to
modify this distance in order to control the sensitivity of the speaker as
function of the maximal volume of the sound that is being played [17].
‘When the excursion is too big, the reed will touch the pole pieces, which
is not wanted except for the case of telegraph transmission [24].
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+ @Tt)

27.(t) (~ Rn + 2Ry + Re

2Ra(t)

Figure 5: Magnetic circuit model

for each of the coils, each having N/2 turns.
To each part i € {m(agnet), p(ole piece), a(ir gap), r(eed)}
of the magnetic circuit corresponds a magnetic reluctance

li

Ri=—"r
piproAs

depending on equivalent length /; and surface A;, and relative
magnetic permeability y; w.r.t. the vacuum magnetic permeabil-
ity po.
The air gap has a variable length [, (t) = e+y(¢) as function
of the transverse position y(t) of the reed. Its reluctance is
e+y(t)

Ra(t) = W.

It is assumed that the remaining magnetic reluctance

by b I

Rm + 2R + Rr =
’ pmpoAm " pppoAp  purpio Ar

is much smaller than R, and can be neglected. The total flux
®(t) can then be calculated by Rowland-Hopkinson’s law as

_ Falt) _ Fn+2F(t) _ poAa Fn + Ni(t)
Riot(t) 2R.(t) 2 e+ y(t)

(1) @)

AN

Associazione
Italiana
di Acusfica



forumacusticum 2023

Substituting (4) in (2), one obtains the magnitude

_ poda Fi + 2N Fui(t) + N2i2(t)
8 (e +y(t)”

for the force that is generated in each of the two air gaps (Fig. 4).

&)

F(t)

3.2 Mechanical domain

In both air gaps, the force (5) is applied to the middle of the
reed, that is clamped at its both extremities (not shown in Fig.
Fig. 3(c)) and that is coupled to the cone by a rod. This con-
stitutes a stiff mechanical system that executes small transverse
displacements. The reed is dimensioned so as to have eigenfre-
quencies outside the hearing range, with some material removed
to lower the area moment of inertia [17].

Here, a lumped modeling approach is followed, where the
combined dynamics of reed and cone are modeled as a lin-
ear mass(m)-spring(k)-damper(c) system, excited by an air gap
force in the two air gaps (from Eq. 5):

2F(t) = mi(t) + cy(t) + ky(t). (6)

3.3 Electrical domain

The voltage v(t) at the motor terminals depends on the current
i(t) and magnetic flux ®(¢) (that is modified with varying cur-
rent i(¢) and reed position y(t)) according to [23]

— Ri 90(i(t),y(t)) di(t) | 0P(i(t), y(t)) dy(t)
v(t) = Ri(t)+N 50 a N "o T
—_——— —_———

£L(i(t),y(1)) 2T (i(8),y(t))

For the studied motor, one obtains

woAs  N? di(t)
2 e4y(t) dt
poAuN Fm + Ni(t) dy(t)
2 (ety@)? At

The corresponding electric circuit is schematized in Fig. 6.

u(t) = Ri(t) +

@)

Figure 6: Electric circuit model
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4. MEASUREMENTS

The experimental setup for measurements of the diffuseur B
of ondes 169 is schematized in Fig. 7. A voltage signal is pro-
vided by a function generator* fed to an amplifier® with gain
v = 21.25. The voltage v(t)/v before amplification is mea-
sured, as well as the current (¢) (sensor®), produced sound
pressure p(t) at a chosen distance (microphone”), and acceler-
ation §j(t) (accelerometer® at the top of the connecting rod in the
center of the cone).

A
i(t)

OO« ) —-

Figure 7: Scheme of the experimental setup with mea-
surement of 4 signals

4.1 Preliminary identification

Following physical quantities present in the model (6)-(7) can be
obtained immediately. The DC resistance® R of the two coils in
series amounts to 606 {2 (ohmmeter). The air gap length at rest is
e ~ 0.46 mm and the air gap surface A, ~ 44 mm? (estimated
on photos due to difficult access).

4.2 Spectral enrichment

The loudspeaker is driven by a sine voltage v(t)
Vosin(27 fot) with amplitude Vo € {10.63,21.25,31.88,
42.5,63.75,85,106.25}V and frequency fo € {50,100, 500,
1000}Hz.

The corresponding acceleration signals 3 (¢) (e.g. Fig. 8) are
registered. Their frequency spectra obtained by Welch’s method
are shown in Fig. 9

At each frequency fy, one observes the gradual appearance
of harmonics as the excitation amplitude V} is increased. More-
over, the odd harmonics (at (2n+1) fo, n € N) are more present
than the even ones (at 2n fo).

Figure 10 shows the evolution of the total harmonic dis-

tortion (THD) that is calculated as THD = /3010, A2 /A;,
where A, is the amplitude of the peak at f = nfo in the spec-
trum.

4 TTi TG2000 with nominal THD < 0.3%

5 Thomann PM40C with nominal THD plus noise of 0.03%

6 Newtons4th Ltd HF003; 7 Schoeps MK 4; & Dytran 3225F1

9 Typical values for used coils are a DC resistance of 500 — 1500 €2,
and an inductance of 2 — 3 H [17].
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Figure 8: Measured acceleration signals g(¢) for excita-  Figure 10: Evolution of THD of §j(¢) as function of sine
tion at fy = 1000 Hz as function of amplitude Vj

voltage excitation amplitude V{) and frequency f,
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Figure 9: Spectra of measured acceleration signals §j(¢) as function of excitation frequency fy and amplitude Vj, calcu-

lated by Welch’s method. The vertical axis is expressed in dB (10 log(-)) and the amplitude at f; is normalized to be 0 dB.
Symbols indicate the amplitudes of the contributions at frequencies n fq for clarity.
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As mentioned in [18, Ch. 7], the expression for the air gap
force (3) does not allow to quantify the relative magnitudes at the
fundamental and octave frequencies in the acceleration or sound
signal, as mechanical impedance and radiation loading (includ-
ing resonances) will modify their amplitudes.

5. CONCLUSION AND PERSPECTIVES

A minimal physical model was developed for an electromagnetic
loudspeaker present in a diffuseur B that was paired with an on-
des Martenot from 1937. It is shown that its operating principle
is inherently nonlinear due to the air gap force.

A first experimental measurement on a heritage diffuseur en-
ables to quantify the nonlinearities presented by the electromag-
netic loudspeaker.

In future work, more detailed measurements with the pre-
sented test setup could be used to estimate all the physical pa-
rameters of the presented nonlinear minimal model. Further-
more, the model could be refined taking into account secondary
nonlinearities.
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