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This paper studies the motor nonlinearities of a classical electrodynamic loud-
speaker. Measurements show the dependence of the voice-coil inductance with its po-
sition and with the driving current as well as the force factor dependence on the coil
position. They allow the tuning of the parameters of a model proposed for these de-
pendences. Time and frequency analysis of the model help in the explanation of both
the harmonic and intermodulation distortions observed in classical loudspeakers.
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1. Introduction

The nonlinearities of electrodynamic loudspeakers lead to harmonic and in-
termodulation distortions in the sound production. Their prominent sources of
nonlinearity are suspensions and the motor. In this paper, the motor nonlineari-
ties have been studied.

Classical loudspeakers are traditionally represented by the Thiele& Small pa-
rameters |1, 2|. These parameters are used to simply model the functioning of
a loudspeaker: the electrical domain is represented by a resistor Re and an induc-
tance Le; the mechanical domain is represented by the mechanical losses Rms, the
moving mass Mms and the stiffness of the suspensions Kms; and the acoustical
domain is represented by an acoustical impedance that depends on the loud-
speaker conditions of use and on its dimensions. When only both mechanical
and electrical domains are of interest, a loudspeaker can be represented by the
diagram of Fig. 1.



580 B. Merit et al.

Re Le Bi] Rms Mms

Kms
Ru

Fig. 1. Classical block diagram showing electrical and mechanical-mobility circuits of a loud-
speaker and including the modelling of the eddy currents thanks to the resistor Ru.

This diagram includes the modelling of eddy currents emergence via the re-
sistor Rpu. This modelling is justified by the fact that eddy currents increase with
the frequency of the input signal.

The coupling between the two domains is made thanks to the force factor Bi.
In the mechanical domain, this parameter defines the motion force F' = Bl.i that
makes the voice-coil move when a current ¢ runs through its wire. In the electrical
domain, the force factor defines the back electromotive force Vo = Bl.v that
is created by the movement of the voice-coil with a velocity v = dz/dt in the
magnetic field, B, created by the magnetic circuit of the loudspeaker. When all
the parameters are assumed to be linear, this coupling between the two domains
leads to a system of two linear differential equations in which the current i (),
is the current running through the voice-coil:

_ Le(Re + Ry) dig(t)

= i Bl -
u(t) Ri 1t + Re -ir(t) + Bl - v(t),
d2x(t) BI? dz(t) (1)
Mms - 12 + (Rms— R6+R,u> S + Kms - x(t)
Bl

“RetRp (R -ig(t) +ul(t)) .

In reality, it is known that a loudspeaker is a highly nonlinear system. The
acoustic pressure it generates is not an accurate image of the driving voltage.
Among the principal sources of nonlinear distortions, one finds the suspensions
and the motor of the loudspeaker [3, 4]. The nonlinearities due to the suspensions
are well-known, and loudspeaker manufacturers have developed materials and
designs to minimize the drawbacks of the suspensions.

The nonlinearities causes due to a loudspeaker motor have also been identi-
fied [5-11]. In classical loudspeaker motors, the iron is a source of eddy currents,
and makes the inductance dependent on the displacement of the voice-coil as well
as on the driving current. And since the magnetic induction seen by the voice-coil
varies with the axial position in the airgap, the force factor Bl is also dependent
on the displacement of the voice-coil.

The effects of all these nonlinearities are well-known: they lead to harmonic
and intermodulation distortions. Therefore, the aim of this paper is to highlight
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the role of the motor alone in the generation of these distortions, thanks to
a temporal resolution of the differential equations that govern the loudspeaker
functioning.

2. Measurement of the motor nonlinearities

2.1. Evidence for nonlinearity

To help the study, each parameter of a loudspeaker motor is measured inde-
pendently. Measurements are done on a typical loudspeaker whose moving part
displacement can be 4 mm.
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Fig. 2. Diaphragm velocity: input voltage 0.5 V (continuous line) and 2 V (dashed line) at

a) 43 Hz and at b) 134 Hz. The reference is the measurement for the diaphragm at the rest

position.
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First, to point out the nonlinear nature of the loudspeaker, the velocity of the
diaphragm when a simple sinusoidal signal drives the loudspeaker is measured
thanks to a laser vibrometer (Fig. 2). At 43 Hz, the increase of the input voltage
from 0.5 V to 2 V generates high amplitude harmonics.

At 134 Hz, the amplitude of the harmonics does not vary significantly from
the 0.5 V to the 2 V input voltage. At this frequency, the displacements of the
moving part are small compared with those at 43 Hz. Thus, we can conclude
that the nonlinearities of the studied loudspeaker are related to the moving part
displacement only.

In fact, the dependences of the stiffness, the inductance and the force factor
on the displacement are at issue, but this paper plans to measure and model the
contribution of the motor nonlinearities only.

2.2. Force factor nonlinearity

The most consequent source of nonlinearities in a loudspeaker motor is the
dependence of the force factor Bl on the displacement x of the moving part [5].
To observe this dependence for the studied loudspeaker, the magnetic induction
B in the airgap is first measured thanks to a Hall probe, and the force factor is
deducted.

Figure 3 shows the force factor’s non-symmetric dependence on the coil dis-
placement. To take into account this dependence in the model, one has to approxi-
mate it thanks to a well-controllable mathematical function. The polynomial form
is chosen to model the force factor variation. Its coefficient optimization must lead
to a good conformity to the original curve and to its derivative. Figure 3 shows
that a 4th order polynomial is necessary to reach an ideal conformity:
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Fig. 3. Force factor Bl of the studied loudspeaker in the air gap vs. position x.
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Bl(z) =Bl-(1+ Bly -z + Bly - 2> + Blz - 2° + Bl - 2), (2)

with Bl = —=54.01 m™', Bly = —31438.2 m~2, Bl3 =1.312-10°m™2 and
Bly =4.24-108 m™*.

2.3. Inductance nonlinearity

Another source of nonlinearities is the dependence of the coil inductance on
the current intensity, iz, and on the coil position in the air gap, x [12, 13|. To
measure these dependences, a tailor-made equipment allows us to completely
block the loudspeaker moving part —so, the voice-coil- in a required axial posi-
tion x. For each position, for various current intensities from 20 mA to 180 mA,
and for various frequencies from 30 Hz to 1000 Hz, the impedance is measured
thanks to a Wayne—Kerr bridge. We model it as a resistor Re in series with
an inductance Le in parallel with a resistor Ru, which represents the eddy cur-
rents (Fig. 1).

Figure 4 presents the dependence of the inductance on the current intensity,
for various positions of the voice-coil. The general trend shows that this induc-
tance is not clearly dependent on the current intensity. Even if this observation
agrees with previous observations on the velocity measurements, it would have
been interesting to be able to supply the loudspeaker with higher current inten-
sities, the bridge being limited to 200 mA.
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Fig. 4. Inductance Le of the loudspeaker vs. driving current intensity ¢, for various positions
of the voice-coil from x = —0.004 mm to z = 0.004 mm.

Figure 5 shows the variation of the inductance with the axial position of the
coil, for various current intensities. The grouped curves confirm that the induc-
tance is not dependent on the current intensity. Nevertheless, the inductance
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greatly depends on the coil axial position. The inductance mean value is approx-
imated by a 4th order polynomial over x, which models the values as well as the
derivative over z in the domain z[m] € [-0.0045; 0.0045]:

Le(w,iy) = Le.Ly(x) = Le - (1 + Lyt - @ + Lao - @° 4 Lag - 2 + Los - 3%),  (3)

with Ly = —112.65 m™", Ly = —11095.3 m~2, L3 = 1.501 - 10° m~3 and
L4 = 2.607-10% m~.
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Fig. 5. Measured inductance Le of the loudspeaker vs. position in the airgap =x.

In addition, we assume that Ry depends only on the axial position x, as Le,
and show its values in Fig. 6. This is consistent with Fig. 5: a variation in the
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Fig. 6. Measured resistor Ru of the loudspeaker vs. position in the airgap z.
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magnetic flux means an increase in the source of eddy currents, so Ru is related
to the slope of Le. Thus, the variation of Ru with displacement z, is modelled

by (4):
Rp(x) = Ry~ (14 Ry - @ + Rpug - 2 + Rus - 2° + Ry - ), (4)

with Ru; = —45.15 m™, Rpus = —17081.4 m~2, Rpuz = 536430 m~3 and
Rpuy = 3.855-10% m—4.

3. Modelling of the loudspeaker with the motor nonlinearities

3.1. Differential equations

When the inductance Le, the force factor Bl and the resistor Ry are not
assumed to be constant anymore but dependent on the displacement, the model
of Fig. 1 does not lead to (1) anymore.

Especially, contrary to Bl(z) and Ru(x), the nonlinear model of the induc-
tance cannot simply substitute the linear parameter Le in the equation of equi-
librium of the voltages in the electrical side of the equivalent circuit. The voltage
on the inductance uz,(t) is not expressed by the inductance times the derivative of
the current over time anymore, but it is the derivative of the magnetic flux @(t):

_de(t)  d[Le(w,ip).ip(t)]
dt dtL ' (5)

Considering that Le(z,ir) varies independently with = and iy, which are the
two time-dependent unknowns of the problem, yields:

u(t) = <1 + Re) . [Le GLlt) . <diL(t) dle  dz(t) dLe>]

ur(t)

Ru dt dt dig dt dz

da(t
+Re-ig(t)+ Bl 320

dt

d2x(t) BI? dax(t) )
x xr
Mms - : Kms -
ms: — s + <Rms+ Re—i—R,u) T + Kms - x(t)

Bl ) 1dLe. 9
YT (Rp-ip(t) +u(t)) + 5 da in(t)”.

Note that the second differential equation of (6) takes into account the reluctance
force created by the dependence of the inductance on the displacement. It is
proportional to the square of the current iz, (¢) in the voice-coil [14]. By switching
the nonlinear parameters Le, Bl and Ry, the resolution of (6) leads to the variables
ir(t) and x(t), used to calculate the acoustic pressure generated by the modelled
loudspeaker.
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3.2. Harmonic distortions

For the calculations, the loudspeaker input w(¢) is chosen to generate the
maximal 4 mm displacement to emphasize the related nonlinearities. Figure 7
compares the three pressure responses calculated by including successively each
of the three displacement-varying parameters Le, Ru and Bl previously measured
and modelled. The input voltage is a 30 Hz single-tone signal. The variations of
Le and Rp with the displacement do not create consequent distortions. Their
corresponding temporal responses are indistinguishable from each other and the
amplitudes of the created harmonics are at least 40 dB lower than the amplitude
of the fundamental tone.
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Fig. 7. Temporal pressure responses (a) and sound pressure spectra (b) of the loudspeaker with
Bl(z)-nonlinearity (black line), with Le(z)-nonlinearity (red line) and with Ru(z)-nonlinearity
(blue line).
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The model used to calculate these contributions shows that dependence of Le
and Ry on the displacement does not induce clear harmonic distortions. On the
other hand, Fig. 7 shows that the non-uniform BI(z) leads to consequent har-
monic distortions. The temporal response is highly distorted and high-amplitude
harmonics are produced in the frequency response. Especially the third harmonic
at 90 Hz is only 12 dB lower than the fundamental one.

3.3. Intermodulation distortions

In this section, the loudspeaker is virtually excited by a two-tone sinusoidal
signal with frequencies 30 Hz and 513 Hz. As in the previous section, influences
of displacement-varying Le and Rp are indistinguishable. Figure 8a shows that
their dependence creates intermodulation distortion (thick line). But the level
of the first intermodulation components is at least 36 dB lower than the funda-
mental at 513 Hz. These observations are true for various couples of frequencies.
Assuming that the model well represents the loudspeaker, we conclude that the
dependence of Le and Ry on the displacement is not critical in the generation of
the intermodulation distortions.

Looking at the dotted-line of Fig. 8a, one can see that the dependence of the
force factor Bl on the displacement leads to quite consequent intermodulation
distortions. The level of the first intermodulation component is 22 dB lower than
the fundamental at 513 Hz. This phenomenon is amplified at low frequencies and
when the frequencies of the two-tone signal are close to each other (Fig. 8b).
Adding the production of harmonic distortion, one can understand that the non-
uniform Bl(z) is a great source of intermodulation distortions.
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Fig. 8. Loudspeaker sound pressure spectrum in response a) — to a two-tone excitation signal
(30 Hz and 513 Hz), with Bi(z)-nonlinearity (dotted line) and with Le(z)-nonlinearity (thick
line) and b) — to a two-tone excitation signal (10 Hz and 50 Hz) with Bl(z)-nonlinearity.

4. Discussion and conclusion

This paper highlights the audible distortions created by the motor of an elec-
trodynamic loudspeaker of classical construction. For the studied loudspeaker, the
most consequent source of nonlinearities seems to come from the displacement-
varying force factor. The weaker, but still significant, effect is caused by the
nonlinearity of voice-coil inductance. The nonlinearity of the voice-coil is usually
neglected in the consideration of the nonlinear distortion in loudspeakers. The
paper shows that this nonlinearity should be taken into account. Particularly, it
produces bothersome intermodulations. However, these observations and conclu-
sions are valid for the actual studied loudspeaker. More general conclusions can be
obtained from further measurements and modelling of other loudspeakers. These
conclusions could help loudspeaker designers in conceiving their loudspeaker mo-
tors, with the aim of reducing their nonlinearities, enough to be sure that no sound
distortion would be audible. Another way to get rid of the distortions generated
by a loudspeaker motor is to use a completely different construction of the motor,
which consists in the total removal of the soft-iron magnetic circuit [15-17]. In
this construction, eddy currents disappear and the voice-coil inductance is low
and constant. A good design of such a motor can also lead to a constant force
factor.



Motor Nonlinearities in Electrodynamic Loudspeakers. .. 589

Acknowledgment

This article is an extended version of the paper presented at the 56th Open

Seminar on Acoustics — OSA2009, September 15-18 in Goniadz.

(1]

2]

3]

4]

[5]

[6]
7]

8]

19]

[10]

[11]

[12]

(13]

[14]

[15]

References

THIELE A.N., Loudspeakers in Vented Bozes, Parts 1 and II, J. Audio Eng. Soc., 19,
382-392, May 1971; 471-483, June 1971.

SmaLL R.H., Direct-Radiator Loudspeaker System Analysis, J. Audio Eng. Soc., 20, 383—
395, June 1972.

KrippEL W., Speaker Auralization - Subjective Evaluation of Nonlinear Distortion, 110th
AES Convention, Preprint #5310, Holland, Amsterdam 2001.

DoBRUCKI A., Nontypical effects in an FElectrodynamic Loudspeaker with a Nonhomoge-
neous Magnetic Field in the Air Gap and Nonlinear Suspensions, J. Audio Eng. Soc., 42,
7/8 (1994).

KrippeL W., Tutorial: Loudspeaker Nonlinearities — Causes, Parameters, Symptoms,
J. Audio Eng. Soc., 54, 10 (2006).

LEMARQUAND G., Ironless Loudspeaker, IEEE Trans. Mag., 43, 8, 3371-3374 (2007).

VANDERKOOY J., A Model of Loudspeaker Driver Impedance Incorporating Eddy Currents
in the Pole Structure, J. Audio Eng. Soc., 37, March 1989.

MERIT B. et al., In Pursuit of Increasingly Linear Loudspeaker Motors, IEEE Trans. Mag.,
45, 6, 28672870 (2009), doi 10.1109/ TMAG.2009.2018780.

REMY M. et al., Ironless and leakage free voice-coil motor made of bonded magnets, IEEE
Trans. Mag., 44, 11, 4289-4292 (2008), http://dx.doi.org/10.1109/TMAG.2008.2003401.

RavauD R. et al., Magnetic pressure and shape of ferrofluid seals in cylindrical structures,
J. of Applied Physics, 106, 3, 34911 (2009), doi.org/10.1063,/1.3187560.

Ravaup R. et al., Radial Stiffness of a ferrofluid seal, IEEE Trans. Mag., 45, 10, 4388—
4390 (2009), doi.org/10.1109/ TMAG.2009.2022018.

Ravaup R. et al., Time-varying Non Linear Modelling of Electrodynamic Loudspeakers,
Appl. Acoust. (2008), doi:10.1016/j.apacoust.2008.05.009.

Mowry S., Simplified Simulation Method for Nonlinear Loudspeaker Parameters, Voice
Coil Mag., 9 (2007).

CuNNINGHAM W.J., Non-linear Distortion in Dynamic Loudspeakers due to Magnetic
Effects, J. Acoust. Soc. Am., 21, 3, May 1949.

Ravaup R. et al., Design of ironless loudspeakers with ferrofluid seals: Analytical study
based on the coulombian model, Progress In Electromagnetics Research, PIER B 14,
pp. 285-309 (2009), doi:10.2528/PIERB09031904.



590 B. Merit et al.

[16] RavauDp R. et al., Modeling an ironless loudspeaker by using three-dimensional ana-
lytical approaches, Progress In Electromagnetics Research, PIER 91, pp. 53-68 (2009),
doi:10.2528 /PIER09021104.

[17] MERIT B. et al., Ironless Low Frequency Loudspeaker Working Under its Resonance Fre-
quency, Archives of Acoustics, 33, 4, Supplement, 59-64 (2008).





