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Sound processing with loudspeaker driving depends critically on high quality electroacoustic trans-
ducers together with their relevant amplifiers. In this paper, the nonlinear effects of electrodynamic
loudspeakers are investigated as regard the influence of the changes of their main descriptive parameters
values. Indeed, while being operated nonlinear effects observed with loudspeakers are due to changes
of such constitutive parameters. Regarding either current or voltage-drive, an original model based on
Simulink® is presented, taking account of all the electrical and mechanical properties closely associated
with nonlinear behaviours. Moreover, as such a Simulink® model may be combined with the PSpice®
advanced software, the behaviour of both loudspeaker and amplifier can be exhaustively investigated
and optimized. To this end, the amplifier is simulated thanks to the Orcad-Capture-PSpice® software
prior to match with the loudspeaker model with the so-called SLPS co-simulator. Then, values of the
current flowing through the loudspeaker can be determined and plotted considering voltage controlling.
Obviously in this case current-drive has not to be assessed.

This way to proceed allows us to highlight any critical information especially due to the voice coil
displacement, yielded velocity, and acceleration of the diaphragm. Indeed our approach testifies to the
imperative necessity of mechanical measurements together with electrical ones. Then, considering a given
amplifier-loudspeaker association with specific parameters changes of the latter, the entailed nonlinear
distortion allows us to qualify and criticize the whole design. Such an original approach should be most
valuable so as to match the best fitted amplifier with a given electrodynamic loudspeaker. Then non
linear effects due to voltage and current-drive are compared highlighting the advantages of an apt current-
controled policy.

Keywords: loudspeaker, nonlinear effects, advanced software, current-driving, force factor.

1. Introduction

Classical models for implementing loudspeakers in
sundry versatile electronics software are usually quite
simple since based on RLC circuits (VANDERKOOY,
1989; WRIGHT, 2008; KLIPPEL, 2004; THORBORG et
al., 2007). Whatever the version considered in the lit-
erature, despite ensuring the impedance wversus fre-
quency relationship, such models have so far proved
unable to account for the numerous shortcomings of
loudspeakers, and most especially their nonlinear lim-
itations. Indeed, as neither electromechanical proper-

ties nor physical quantities such as displacement, ve-
locity, acceleration and force may be considered, non-
linear behaviours are out of reach of such models.
The main purpose of this paper is to present ad-
vanced models of nonlinear loudspeakers so as to ac-
cess to both their electrical and mechanical properties,
with respectively the current and its nonlinear distor-
tion, and the acceleration and relevant distortion as
regards either voltage or current-drive of the trans-
ducer. To this end, we consider a loudspeaker reference
model and its associated parameters as introduced in
(STRURTZER et al., 2012) together with the character-
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istics of either specific classical amplifier devices, or
specificities of simulated circuits with Orcad-Capture-
PSpice® software. Then, limitations stemming from
both the amplifier and the loudspeaker may be clearly
identified and separately investigated, while taking ac-
count of the nonlinear effects due to the association.
Aside from enhancing the amplifier design, this new
approach allows us to validate a loudspeaker behaviour
both mechanically and electrically closer to reality
than any model based on RLC elements. Moreover
classical voltage-control can be easily compared with
new designs involving current-driving of loudspeakers.

2. Natural specific behaviour of a nonlinear
micro-speaker matched with an ideal amplifier

At first, in terms of models, the behaviour of an
ideal amplifier fitted with a given loudspeaker is as-
sessed to highlight the nonlinear effects specifically
due to the transducer. The latter is implemented as
a Simulink® model taking account of all its relevant
parameters. As an ideal device, the amplifier is con-
sidered as devoid of current and output voltage swing
limitations, and with infinite slew rate and bandwidth
values. Moreover as regard the integrity of the input
signal, bias currents and input offset voltage are equal
to zero with an infinite input impedance value. Then,
any detected nonlinearity exclusively stems from the
loudspeaker. Such a way to proceed will allow hereafter
to compare simulation results considering the real data
associated with a given amplifier.

2.1. The Thiele and Small lumped parameters model
for a given loudspeaker

According to the classical Thiele and Small lumped
parameters model (THIELE, 1978), the two differential
equations describing a generic loudspeaker behaviour
can be written as:

di dz
t) = Rei(t) + Le— + Bl—, 1
u(t) = Rei(t) + Lo + Bl 1)
d2z dz
Bli(t) + F, = M, — ms—— + Kx(t), 2
i(t) + dt2+R dt+ x(t) (2)

where i(t) is the coil current [A], u(¢) the input volt-
age [V], x(t) the coil position [m], and the lumped
parameters respectively defined with: R, — voice coil
electrical resistance [Q?], L. — voice coil inductance [H],
Bl — force factor [T-m], F, — Extraneous reluctance
force [N], M,,s — equivalent mass of the moving voice
coil [kg], Rys — mechanical damping parameter and
drag force [N-s:-m~!], K — suspension stiffness [N-m~!]
(K =1/C, C — Compliance [m-N—1]).

An ideal configuration for a loudspeaker should
show off invariant parameters. As a matter of fact,
technological contingencies cannot allow such a the-
oretical system, and the real behaviour of a given

structure duly have to take account of the significant
changes of the lumped parameters against the dis-
placement. This most important point highlights the
main interest to develop real time evolutive models.
To this end, we consider the specific parameters of a
state of the art micro transducer developed by national
Panasonic® and commercialized since 2007. As the ex-
perimental characterization of its main parameters de-
pendence on the displacement has ever been described
in the literature (STRURTZER et al., 2012) we complete
the assessment with apt representative fittings so as to
achieve a comprehensive Simulink® model. Moreover
another shortcoming can be dealt with as regards the
extraneous reluctance force that is added in left mem-
ber of Eq. (2).

2.2. Measured electromechanical parameters changes
versus displacement and relevant fittings

The loudspeaker experimented with features a ge-
neric 32 Q) internal impedance and a range of displace-
ment values given within the interval [-0.3 mm .. +
0.3 mm]. Then, the measured nominal parameters val-
ues, defined at the rest position (z = 0), are summed
up in Table 1.

Table 1. Nominal electromechanical parameters
for a state of the art micro-speaker (z = 0).

Parameters Unit Value
R. Q 31.75
M, g 0.008
K N/m 41.75
Bl T-m 0.23

L. H 0.06 x 10~*
Rins N-s/m 0.009

As regards classical voltage-driving of such a trans-
ducer the electrical behavior is depicted in Fig. 1 by
way of plotting the impedance changes against fre-
quency considering infinitesimal signals.
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Fig. 1. Impedance of the loudspeaker versus the frequency
(nominal parameters).
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The resonance frequency may be also highlighted
while plotting the diaphragm acceleration values
against frequency as depicted in Fig. 2, considering rel-
evant conditions as described hereafter (Subsec. 4.4).

60+
@ 40-
=z,
c
2 20p
s
L 0 i
é) _2(} ‘ / | 200 l?::l‘;llw“w““'l 500
/ = === Current driving: [=31.5 mA (Amplitude)
—40 / ||| mm—Voltage driving: V= 1 Volt (Amplitude)
1 10 100 1000 104
Frequency [Hz]

Fig. 2. Acceleration frequency response.

As a loudspeaker nonlinearities mostly stem
from its parameters changes with the displacement
(RAVAUD et al., 2010; KLIPPEL, 1990), relevant mea-
surements formerly carried out proved the importance
of such changes, considering the force factor Bl, the
stiffness K (respectively C the compliance), and the
coil inductance L. (KrippeL, 2001; 2006; RAvAUD
et al., 2009; VOISHVILLO et al., 2004; MERIT et al.,
2004; KAIZER, 1987; DOBRUCKI, 1988). The values of
the three latter parameters are most significantly al-
tered as depicted in Fig. 3, 4, 5 and 6, considering the
generic range of displacement values and the effective
one [—0.126 mm .. 0.126 mm)].
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Fig. 3. Force factor Bl against displacement x.

To model such parameters changes against dis-
placement, straightforward polynomial functions can
be considered as follows with their appropriate co-
efficients calculated with standard Matlab® utilities
(Curve Fitting Toolbox):

Bl(w>=Bzo+§(anx"), (RE =1-107"), (3)
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Fig. 4. Stiffness K against displacement z.
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Fig. 5. Compliance C' against displacement x.
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Fig. 6. Coil inductance L. against displacement x.

K(z) = Ko+ i(Knx"),

n=1

Clz) = K(x) ' = Co+ Y (Caz™), @
n=1

(R% = RZ =1-1079),

Le(x):LeO—i-?f(Lenx"), (R}, =1-2.107°). (5)

n=1

Both sets of measured values and fitted ones are
superimposed in Fig. 3, 4, 5 and 6, relative to the
nonlinearities stemming from any displacement. In Ta-
ble 2 the first six successive estimates for each set of
averaged parameters are tabulated for Bl, C' (respec-
tively K), and L.
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Table 2. Polynomial coefficient values
for Eq. (3), (4) and (5).

i Bl; C; K; Le,

0 0.23 2.4 x 1072 41.75| 6.01 x 107°
1] —1.65x 10? —14.07 25.02 | —1.46 x 1072
2| —1.61 x 10° | —8.87 x 10* | 150.37 0.61

3| 6.49 x 108 3.22 x 10% | —388.08 | 1.31 x 10*
4| —=5.97 x 10'? | —8.62 x 10* | 2382.67 | 6.52 x 10°
5 1.06 x 10'° | —1.63 x 10*° 74.63 | —5.18 x 10*°
6| 214x10°| 597x10"¥®| 128.09 | —4.42 x 103

The relevance of the rationale is ensured as the
plotted values of both measured and fitted sets prove
to be in perfect agreement.

2.3. Simulink® nonlinear models
for the micro speaker

Simulink® is a block diagram environment for mul-
tidomain simulation and Model-Based Design. It sup-
ports system-level design, simulation, automatic code
and continuous test. Then, by way of expanding the
classical Thiele and Small approach, real time evolutive
models can be developed either for voltage or current-
driving. Indeed as the representative equations depend
both on time and displacement, a relevant numerical
solver can take into account all the involved parame-
ters. The whole set of physical quantities, such as dis-
placement, acceleration, current and voltage (in case of
current-driving) and so on can be advantageously mod-

eled. Then, the abovementioned polynomial functions
allowing for the nonlinear behaviour can be coupled
with articulate function blocks enabling us to fit with
the evolutive parameters [Bl(z), K(x), Lc(x)]. As de-
picted in Fig. 7 and 8, the model relies on processing
the running displacement z(t) as a feedback data for
computing in real time each parameter. Considering at
the first the classical voltage-controlling, both Eq. (1)
and (2) are involved in the model, with voltage as in-
put signal yielding current value prior to acceleration
and displacement as output signals taking into account
of the reluctance as precised hearafter.

On the other hand considering current-driving
Eq. (2) is processed allowing us to get any evolutive
parameter. The optional voltage block can be desacti-
vated as needed by the user, as shown in Fig. 7.

2.4. The two-tone stimulus method yielding both
electrical and acoustical behaviours

As clearly seen in Fig. 7 and 8 a current-controlling
policy is more natural and easy to implement with
Simulink®. Then in the following Subsec. 2.4.1. to
2.4.4. only the classical voltage-drive policy is high-
lighted before assessing both approaches with their
driving circuitry. In order to assess the respective im-
pact of any given parameter change, each relative poly-
nomial function can be separately investigated. To this
end the parameters variations can be introduced one
by one in the Simulink® model. Nonlinear effects can
be presented either as entailing harmonic and inter-
modulation waves generation as regards the electrical
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Fig. 7. Simulink® nonlinear recursive model for a given loudspeaker with voltage-driving.
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Fig. 8. Simulink® nonlinear evolutive model for a given loudspeaker with current-driving.

current driving the loudspeaker, or with the acceler-
ation inferred from the second derivative of the dis-
placement x(t). Indeed, the latter parameter is closely
associated with the sound pressure level issued from
the loudspeaker with a straightforward proportional-
ity. Then, for a given simulation both electrical current
and related acceleration distortions can be investigated
and compared with a view to simplifying the compre-
hensive analysis of a given loudspeaker. Indeed, if a
clear redundancy would appear between current and
acceleration, one would obviously prefer to deal with
standard electrical measurements rather than under-
taking acoustical characterisations involving an expen-
sive anechoic room.

As a matter of fact, our simulation will highlight
the lack of redundancy between current and acceler-
ation, thanks to the two-tone stimulus approach to-
gether with our Simulink® model. At first, the so-
called two-tone driving signal is constructed with two
straightforward sinusoidal components such as:

Vin = Vi sin(27 f1t) 4+ Vo sin(2w fot). (6)

The choice of both involved amplitudes should be
best suited for the technological structure of the loud-
speaker and values have been separately experimented
with a view to keeping a RMS current value aver-
aging 20 mA (with 32 Q). Conversely, both frequen-
cies values, although compatible with the bandwidth
of any standard system, are chosen far enough from
each other to discriminate the entailed nonlinear ef-
fects due to each component. Then the signal is con-
structed with values given in Table 3. In this rationale

Table 3. Values for the two-tone stimulus
signal parameters.

Parameters Unit Values
i \% 0.944
Va \% 0.237
f1 Hz 541
fo Hz 5447

Vin = V (t) has to be considered as stemming from an
ideal voltage supply (urms = 0.684 V), also referred
to as a Thevenin source (internal impedance as a short
circuit).

As enabled with the structure depicted in Fig. 7,
the input signal Vi, = V(¢) resulting from Eq. (6) (ac-
cording to two “Sine Waves”) is processed with the
Simulink® model, yielding both electrical current an
acceleration values against time. Such behaviours are
simulated prior classical treatment with a Fast Fourier
Transform. The 0 dB reference line level being that of
the fundamental (V7), then, both fundamental spectral
lines can be highlighted together with their respective
sets of harmonics due to nonlinear distortions and in-
termodulations. As a main advantage, both harmonic
and intermodulation lines can be investigated in a sin-
gle simulation process.

2.4.1. Nonlinear distortions due to the Bl(z) Force
factor changes

Considering a generic electrodynamic loudspeaker,
the force factor stands for the coupling between both



56 Archives of Acoustics — Volume 39, Number 1, 201}

electrical and mechanical properties as regards the
Thiele and Small parameters model. As a most im-
portant source of nonlinearities the force factor is sig-
nificantly altered with changing displacement values
as highlighted with Fig. 3. It clearly appears that the
polynomial function derived from Eq. (3) and Table 2
allows an exact fitting for a relevant behaviour descrip-
tion. This function [in T-m or N-A~!] is written as,

Bl(z) = 0.23 — 1652 — 1.61 x 10° x z*
+6.49 x 10% x 2® — 5.97 x 10'? x z*
+1.06 x 10" x 2% +2.14 x 102 x 25 (7)

prior to natural implementation within the Simulink®
model instead of the basic nominal constant values
given in Table 1. Here, both stiffness and inductance
are considered at their rest position. As a result, the
respective curves associated with current and acceler-
ation are significantly altered as is clearly shown after
FFT processing. As an illustration, both electrical cur-
rent and acceleration values are respectively depicted
in Fig. 9 and 10. Such consecutive changes feature har-
monic and intermodulation spectral lines with harmon-
ics displayed as multiples of the fundamental line (k. f1)
and intermodulation lines arranged as (m---fo +
n--- f1) around the fy line (k, m, n, integers).

[t T T T T
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—40 2f1
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Fig. 9. Extraneous spectral lines as Current distortion due
to Force factor changes.
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Fig. 10. Extraneous spectral lines as Acceleration distortion
due to Force factor changes.

Then, a significant difference between both spec-
tral patterns clearly appears, with harmonics and in-
termodulations in acceleration quite more marked with
acceleration than with current spectra. In the litera-
ture, a comprehensive experimental approach due to

(KLIPPEL, 2006), corroborates the relevance of our
model, with intermodulation distortions (IMD) higher
for sound pressure level (proportional to acceleration)
than for the electrical current.

Moreover, considering Fig. 10, distortions related
with the acceleration highlight the significant levels of
both the second harmonic (2f1) and the first inter-
modulation (fs &+ f1). In a recent paper (ERzA et al.,
2011), we justified such a behaviour owing to the asym-
metrical variation of the force factor pattern observed
against displacement as shown in Fig. 3.

2.4.2. Nonlinear distortion due to the K(x)
Stiffness changes

A speaker cone, or diaphragm is technically the
cone shaped part, also referred to as the cone/surround
assembly to include the outer suspension called the sur-
round. If properly designed in terms of mass, stiffness,
and damping, the diaphragm allows to centre and ad-
just the coil within the magnetic gap, enabling then
any expected displacement of the moving voice coil.
The purpose of the cone/surround assembly is to ac-
curately reproduce the voice coil signal waveform. In-
accurate reproduction of the voice coil signal results in
acoustical distortion. Then, as clearly shown in Fig. 4
and 5, both stiffness and compliance changes associ-
ated with any given significant displacement (z # 0)
are a major source of nonlinear distortion. According
to Eq. (4) and Table 2, either compliance or stiffness
may be respectively written as,

C(z) = K Yz)=24x 1072 = 14.07 x =
—8.87x 10° x 22 +3.22 x 10® x z?
—8.62 x 101! x 2% —1.63 x 10 x 2
+5.97 x 10'® x 25, (8)
K(z) = 41.75 4+ 25.02 x 2 + 150.37 x z*
+ — 388.08 x 2°2382.67 x z*
+74.63 x 2° + 128.09 x 2° (9)

before being implemented in the Simulink® model ac-
cording to the two-tone stimulus input signal. Here,
both force factor and inductance are considered at
their rest position (z = 0). After FFT processing, the
respective curves associated with current and acceler-
ation can be plotted as depicted in Figs. 11 and 12.
Then, as regards electrical current, it is clear from
Fig. 11 that stiffness changes do not bring out any in-
termodulation spectral lines. Figure 12, relative to the
acceleration behaviour, highlights intermodulaion lines
together with harmonics quite more delineated (about
26 dB for each one) than with the current behaviour.
Hence, as regards stiffness changes it can be concluded
that the loudspeaker distortion is essentially due to the
occurrence of harmonic distortion, with intermodula-
tion extraneous lines remaining almost insignificant.
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As before, introducing this quantity in the Simulink®
model prior FFT processing allows us to plot both cur-
rent and acceleration spectral patterns as illustrated
with Figs. 13 and 14.
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Fig. 11. Extraneous spectral lines as Current distortion due
to Stiffness changes.
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Fig. 12. Extraneous spectral lines as Acceleration distortion
due to Stiffness changes.

Here, signals are less impaired as regard second har-
monic than with the Bl force factor changes.
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Fig. 13. Electrical current spectral distortion due to induc-
tance changes.
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Fig. 14. Acceleration spectral distortion due to inductance

2.4

Two nonlinear effects result from

.3. Nonlinear distortion due to the Le(x) Inductance
changes yielding a Reluctance force

inductance

changes. Aside from the first, stemming from the
change of its own, a nonlinear term referred to as a re-
luctance force {i?d(L.(z))/dx} is introduced in the dif-

ferenti
traneo
observ

al formulation (ERZA et al., 2012). Such an ex-
us force depends both on the inductance change
ed with the displacement, and also on the cur-

rent squared value. Then the mechanical behaviour
featured with Eq. (2) can be expressed as:

) 1 dLe(x) 5 d?z
Bli(t) + ===\ 2 gy O T
W+3—g 1 as2
d

+Rm5£ + Ka(t). (10)

Considering both Eq. (5) and Table 2, the influence of
any inductance change against the displacement can
be fitted with:

Le(z) = 6.01 x 1075 —1.46 x 1072 x

+0.61 x 22 4+ 1.31 x 10* x 23
+6.52 x 10° x 2 — 5.18 x 10' x 2°

—4.42 x 10" x 25. (11)

changes.

As could be expected from the minor relative
changes observed in Fig. 6, the impact as nonlinear
distortion regarding both current and acceleration is
quite lower than with both previous cases. Consider-
ing both current and acceleration spectra, second har-
monic lines (2f1) and both first intermodulation lines
(f2=£ f1) show off about the same levels. However, both
third harmonic (3f1) and intermodulations (fs + 2f1)
lines are more significant with acceleration than with
current behaviours, as justified with the Klippel ex-
perimental approach (KLIPPEL, 2006). Then, high fre-
quencies generally introduce an overall distortion as
intermodulation lines.

2.4.4. Nonlinear distortion due to the all-inclusive set
of changes

The effects of independent changes considered re-
spectively with Bi(z) the Force factor, K (z) the Stiff-
ness and L.(z) the Inductance have been separately
assessed, it is possible now to combine the three in-
fluences while implementing Eq. (7), (9) and (11) in
the Simulink® model. After FFT processing, the new
patterns of spectral lines are respectively depicted in
Fig. 15 as regards electrical current, and Fig. 16 deal-
ing with the acceleration behaviour. As could be ex-
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Fig. 15. Electrical current spectral distortion due to the
all-inclusive set of changes.
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Fig. 16. Acceleration spectral distortion due to the all-
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pected from previous independent cases, both figures
highlight an overall distortion mostly marked on the
acceleration spectral lines with a quite moderate alter-
ation impairing the electrical current spectrum. As a
result, it is clear that measurements dealing only with
the electrical current are not enough of their own to
account for the exact behaviour of a given loudspeaker,
insofar as nonlinearities occur due to a significant value
of the displacement within its nominal range and that
also far beyond 363 Hz the resonance frequency. Then
for a comprehensive investigation, electrical measure-
ments can be seen only as a first step that should be
completed with acoustical measurements.

3. Shortcomings of a real amplifier
and their Influence

Effective sound processing with a given loudspeaker
depends both of the latter and its driving amplifier.
Until now the simulations dealt with the drawbacks
of a given microspeaker considering an ideal amplifier.
A real case should consider the technological limita-
tions due to the integrated electronic structure of the
amplifier. The following drawbacks may alter signifi-
cantly the rendering of any musical piece as regards a
given imperfect audio line driver:

1. The Input Bias Current (IBC) is unfortunately
different from zero, and may reach up to 200 nA.

2. Unbalanced structures may also feature Input Off-
set Current Values often up to 20 nA.

3. The output impedance differs from zero, values
ranging from 1  up to 600 €2 or more, depending
on the specific purpose of the device.

4. Stringent nonlinear limitations may appear con-
sidering the Gain value and the Output Voltage
Swing capabilities of the device, together with
possible phase shifts.

5. The Slew Rate (SR)Value, defined as the average
time of change of the closed-loop amplifier out-
put voltage for a step signal input, should be infi-

nite. For high quality audio performance its value
should exceed SR > 8 V/us.

6. At last, all noise sources should be minimized
and pop-noise eradicated. Considering Equiva-
lent Input Voltage Noise (V;,), values lower than
2 nV/(v/Hz) should be recommended.

Then, it is of crucial interest to simulate the be-
haviour of a real audio system combining both the
drawbacks of the loudspeaker and its associated am-
plifier. Considering nonlinearities, such a comprehen-
sive study is mandatory prior to actual implementation
with real devices.

4. Linking advanced software, Simulink® for the
transducer, and Orcad-Capture-PSpice®
for the amplifier

Nowadays, Orcad-Capture-PSpice® is considered
as a most powerful software for schematic design solu-
tions in electronics. Most of the linear integrated cir-
cuits such as amplifiers can be accurately simulated
with, saving time and cost for the designer. At first the
amplifier can be loaded with a straightforward resis-
tor, allowing to achieve a comprehensive time domain
output analysis (Transients, DC Sweep Wobulation)
befor considering a loudspeaker as a nonlinear elec-
tromechanical system, with its own specific mechanical
parameters.

Since a given transducer cannot be simplified as
a linear load, and the abovementioned approaches
(VANDERKOOY, 1989; WRIGHT, 2008) based on
RLC circuits together with Orcade-Capture-PSpice®
should prove unable to accurately simulate a relevant
real case. Indeed in such models both electrical and me-
chanical changes against displacement cannot be taken
into account, and they are impeded over their first
purpose restricted to highlight the impedance versus
frequency. Then as a most valuable solution we stress
the interest to combine Simulink®-based electrome-
chanical models with virtual amplifiers simulated with
Orcade-Capture-PSpice®. To this end the advanced
SLPS (Simulink-PSpice) co-simulator proves especially
suited.
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4.1. The SLPS co-simulation environment

An effective co-simulation environment is available
with the SLPS utility that allows to combine two ad-
vanced simulation tools. Indeed the standard Orcade-
Capture-PSpice® electronic environment can be as-
sociated with mathematical models of elaborate sys-
tems such as an electrodynamic loudspeaker described
with Simulink®. This approach allows to deal with ex-
ecutable system-level specifications to design advanced
hybrid systems. As regard electronic devices, Orcade-
Capture-PSpice® provides realistic models allowing
for nonlinearities, delay, and various other drawbacks
encountered with real devices. As an advantageous ap-
proach, co-simulations make possible system-level in-
terfaces to be tested, taking account of their actual
physical properties avoiding then the realization of pro-
totypes. As a result design issues may be quickly dealt
with, saving both cost and time considering the tedious
issue of debugging the trail boards of system proto-

types.

4.2. Implementing Simulink® speaker models
with a PSpice® amplifier model

The SPLS co-simulator relies on block diagrams en-
abling to assemble simulated electronic devices with
the abovementioned nonlinear model of a loudspeaker.
The electrical parameters of the amplifier are defined
with PSpice® prior SLPS implementation as a block
in the specific Simulink® environment as depicted in
Fig. 17.

Either voltage or current values can be sampled
prior to interfacing with SLPS blocks.

As regards the amplifier block, both input and out-
put accesses can be conveniently arranged as required
by the designer to connect any kind of device defined
as other relevant blocks as highlighted in Fig. 17 for
our specific purpose.

On the left, the electrical circuitry consists of a
straightforward closed-loop amplifier together with a
conditioning box (ZX) acting as a lonlinear conecting
load whose value is actuated with a driving voltage
(Viet). Such a block behaves as an externally controlled
resistor with:

Zout = Rbase X (V;ef/‘/O)
with Vier Control voltage,
Rpase = 12, and Vy =1V. (12)

On the top of Fig. 17 a first approach is given with
a classical voltage-driving design. Then, the PSpice®
non ideal amplifier is arranged with the loudspeaker
simulink® model as a whole nonlinear hybrid system.
Numerical values are computed with a sampling
frequency allowing 2048 samples for the period of the
fundamental of the input signal. As highlighted in
Fig. 17 a nonlinear specific test load can be assessed
(S on, Sy off) while operating the S;/Ss selector be-
for implementing the trancducer as defined with Fig. 7
(S disabled, S; on). On the other hand, current-
driving of the transducer is depicted with SLPS2
block as illustrated in the bottom of Fig. 17, allowing

Constant

X(t) =-»
Sl o(t) -
\/ Real ¢ at) =»
(t] Behavior i(t) =
51.75 _7§_| Vo Simulink Model « Voltage-Drive »
_
Sy N Zout
Test
I
Simulink Model « NL Load »
Vin ()
x(t)=»
= oy (8 o))
5 " ae
V()=
Simulink Model « Current-Drive »
Simulink environment

Fig. 17. Simulink block diagram of the model of nonlinear loudspeakers supplied with imperfect amplifiers.
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to Vi, as a driving voltage into its associated propor-
tional current feeding the loudspeaker as defined with
Fig. 8.

The relevance of the approach is confirmed after
checking the right implementation of the simulink
model. To this end the behavior of the so so-called NL
Load is assessed considering the following relationships
linking electrical quantities :

Zouwt = 10 KQ if — 0.5V < Ve < 0.5V
(13)
Zout = 32 Q) if Vour < —0.5V or Voue > 0.5.
Then this load supplied with the following sinu-

soidal voltage:

‘/in = Vl sin(27rft) with ‘/1 =1 VOltRMS
(14)
and f = 540 Hz.

As a result, considering a unity gain (R; = Ry = k)
with a classical LM741 amplifier, the ZX corrector al-
lows a current behavior as depicted in Fig. 18.

Voltage [V]
[=3

Current [mA]

== Voltage
—Current
7 20
34 35 36 37

28 29 30 31

32 33
Time [ms]

Fig. 18. Current behavior due to the nonlinear load.

After such a checking process the transducer can
be implemented and assessed on its own (S7 on, Sy
off), the corrector ZX being driven with the constant
voltage set value Vi = 31.75 V.

4.8. Acceleration behaviour with a real amplifier
compounded with the micro speaker

Considering both voltage and current-driving
schemes the two-tone stimulus method as described in
2.4. can be used to investigate with the whole emulated
system involving both a non ideal amplifier together
with a nonlinear loudspeaker. Then different ampli-
fiers can be compared as regards a given transducer
by way of computing the distortion of its acceleration
parameter as regards the moving diaphragm: as a re-
sult, such a study allows us to choose at best among
several prospective amplifier units or driving schemes
when comparing their respective distortion patterns.

4.8.1. Respective nonlinear effects for two different
amplifiers

In order to highlight the interest of the approach
two kinds of amplifiers far different from one another

are considered. At first, a general purpose unit is imple-
mented with the standard characteristics of the generic
LM 741 (T.I®). Among its most salient parameters
(IBC = 30nA), such a device features a poor slew
rate value with SR = 0.5 V/us at unity gain, and a
fair noise capability with V;, ~ 50 nV/ VHz around
f =100 Hz. The output resistance is 75 €2 with a max-
imum allowable current up to 25 mA. Considering the
32 Q transducer supplied with the RMS voltage value
(urms = 0.684V), the associated current (20 mA)
with such a regime is significant compared with the
overload limit. Conversely, the second chosen reference
deals with a power operational amplifier dedicated to
audio purposes, the OPA549: The IBC bias current is
100 nA, the slew rate value is given as SR = 9 V/us,
and as regards noise voltage, V;, ~ 70 nV/v/Hz around
f = 1000 Hz. The main difference with the former unit
stands with its high output current capability up to
8 A. Here, the device is (at the opposite) far from its
overload regime.

Considering both amplifiers associated with the
nonlinear Simulink® model of the transducer in the
voltage-driving scheme, the entailed acceleration dis-
tortion spectra are respectively depicted in Fig. 19
and 20. In both cases, the components are consid-
ered as supplied with standard voltage values [V..— =
—12V, Veey = +12V]. Tt is clear that the coupling
with the general purpose unit (LM741) is fitted with
more distortion than the association audio amplifier
(OPA 549) and micro speaker. Both compounds com-
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Fig. 19. Acceleration spectrum of micro speaker fed with
LM741.
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Fig. 20. Acceleration spectrum of microspeaker supplied
by OPA549.
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pared with one another prove the OPA 549 almost
noiseless. Moreover, considering Fig. 19 compared with
Fig. 16, the third harmonic line (3f) is significantly
increased (almost +6 dB) highlighting a salient short-
coming for the 741 unit. Conversely with the OPA 549
audio device, this effect is far less stressed, with less
than +3 dB.

Then, as expected the general purpose amplifier is
far less instrumental than the audio one. Indeed such
a device is fitted for low cost appliances, for instance
radio alarm clocks. Hence, our approach enables to in-
vestigate on the acoustic quality with regards to cost
for any given audio system.

4.8.2. Influence of the gain value

Considering a given amplifier with a classical
voltage-driving scheme, designers and manufacturers
provide spectral noise density values as an input sig-
nal. Then the output noise depends directly on the
closed-loop gain value according to the selected config-
uration, either inverting or non-inverting. Indeed, in-
creasing the gain yields more noise. As shown in Fig. 17
(Voltage scheme) the gain of the straightforward in-
verting structure (G = —Ry/R;) can be modified while
changing Ro and keeping R; = 1 k(.

In this section simulations are now considered with
the OPA 549 audio device and carried out while keep-
ing constant the output voltage of the amplifier. Re-
spective gain values are chosen as, G = 1, G = 100,
G = 300, so as to compare the nonlinear effects asso-
ciated with noise and total harmonic distortion. The
output voltage is defined as a simple sinusoidal signal
with:

‘/:)ut = Vl sin(27rft) with ‘/1 =1 VOltRMS
and f = 540 Hz.

Such a signal drives the Simulink® loudspeaker model
according to the three considered gain values. Then as
depicted in Fig. 21, 22 and 23, the acceleration spec-
tra can be compared, clearly highlighting how the sig-
nal is impaired as the gain is increased as seen in Ta-
ble 4.

0 1
m 20 1
2f
= 13¢
= 1
g 0
-
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(]
8
< -80/ || n rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
~10Gy 12 14

Frequency [kHz]

Fig. 21. Acceleration spectrum of microspeaker supplied
by OPA549 gain = 1.
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Fig. 22. Acceleration spectrum of microspeaker supplied
by OPA549 gain = 100.

Acceleration [dB]
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Fig. 23. Acceleration spectrum of microspeaker supplied
by OPA549 gain = 300.

Table 4. Harmonic spectrals and THD mesurements
when the gain varies by 1, 100 and 300.

Spectral line [dB] G=1 G =100 | G =300
2f1 —32.84 —28.87 —21.28

3f1 —37.2 —35.61 —30.16

4f1 —56.81 —50.72 —41.08

5f1 —62.8 —59.88 —51.45

6f1 negligible —78.29 —66.63

7f —84.84 —73.77 —73.28
THD% 3.88 5.68 12.95

As a result it is clear that Total Harmonic Distor-
tion is most significantly increased as the amplifier gain
is increased.

4.4. A brief comparison between voltage and current
driving schemes

Although voltage-controlling of transducer is the
most common policy abided to by designers and manu-
facturers, the natural physical quantity acting for mov-
ing the voice-coil is the current, then directly assosi-
ated with the acceleration and entailed sound pressur
level.

Voltage is only a secondary quantity mostly flowed
with the impedance behavior in case of voltage-
driving scheme. Hence distortion should be signifi-



62 Archives of Acoustics — Volume 39, Number 1, 201}

cantly reduced with ideal current-driving associations
(MERILAINEN, 2009; GAVIOT et al., 2014). For the pro-
pose of omparision, the choosen amplifier is a high-
quality unit, LMH6622 (T.I®) fitted most advanta-
geous characteristics. Indeed, with a low noise V,, ~
20 nV/v/Hz and most enhanced SR = 85 V/us, such a
device shown an output current capability up to 90 mA
covering then largely the transducer requirement with
a low output resistance (Rout < 0.1 2 at 1 kHz).

Then as regard both voltage and current schemes,
a gain value G = 3 is considered with a view to main-
taining stability as recommended by the manufacturer.
A bitone stimulus signal, with a 30 mW power (close
to that allowed by the transducer), is defined as sum-
merized in Table 5 with current values infered from
voltage and the nominal resistance of the transducer.
The purpose of this high power value is to stress the ef-
fects of increased displacement values highlighting then
the nonlinear distortion. The bitone current signal is
defined with:

60, T T T T T T
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4%) 2 4 6 8 10 12 14
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Fig. 25. Acceleration spectral distortion due to the current-

driving.

Table 6 summarizes the effective values associated
with both driving schemes considering the audible SPL
range (level > 0). Then with THD% and IMD% values
to be compared, the advantages of current driving are
clearly highlighted.

Table 6. Audible distortion for the purpose of com-

Ioww = 11 sin(27rf1t) + I sin(27rf2t).

(16)

Table 5. Values for the two-tone stimulus signal

parameters to meet a 30 mW power value.

parison between voltage and current-driving.

Spectrals Voltage-drive Current-drive

fi 50.21 50.85

f2 46.71 46.71

2f1 19.3 16.1

3f1 —3.82 6.81
fo—h 20.45 19.16
fot+ f1 20.46 19.14
THD% 3.110 2.547
IMD% 8.322 5.759

Parameters Unit Values
1% \% 0.98
Vo A% 0.98
I A 30.5
I A 30.5
fi Hz 541
fo Hz 5447

Results of the comparison dealing with accelera-
tions are shown in Fig. 24 and 25 with a zero dB refer-
ence assosiated with a 0 dB SPL considering the accel-
eration. On both schemes fundamental levels are kept
invariant then fitted with identical sound power.

However second intermodulation lines (fy + 2f1)
stay below 0 dB for the current-driving scheme wher-
ever voltage-driving is flowed with 6.79 dB (f2 — 2/f1)
and 5.11 dB (f2 + 2f1).
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Fig. 24. Acceleration spectral distortion due to the voltage-
driving.

As a further study we shall investigate on the
most relevant approach regarding the analysis of
Transient Intermodulation Distortion (TIM), given in
(LEINONEN et al., 1977). In this way, a square wave
(3.18 kHz) and a sinusoid (15 kHz) with a peak to peak
ratio of 4:1 are compounded so as to entail valuable in-
formation on delays due to the feedback loop.

5. Conclusion

In this paper, the nonlinear effects observed in loud-
speakers are investigated with a view to understand-
ing the respective influences of the shortcomings of
the main descriptive parameters. As nominal values
of the latter (Force factor, Stiffness, Coil inductance)
are significantly altered with changes of the voice coil
displacement, our Simulink® model allows us to con-
sider separate influences together with the coupling of
said changes mostly in terms of respective acceleration
spectra. Considering a whole audio system, the previ-
ous approach is completed by way of compounding the
Simulink® behaviour with that of given PSpice® am-
plifier models. The influence of two distinctive ampli-
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fiers is assessed, establishing clearly the advantage of
the audio purpose unit. Then, behaviour comparisons
are drawn considering different gain values with re-
spectively G = 1, G = 100, G = 300. Once it becomes
clear that the nonlinear alteration rises dramatically as
the gain is increased, we highlight the interest about
driving the transducer with a current regime. Then, as
regard distortion within acceleration spectra, the latter
proves a most advantageous approach to enhancing the
amplifier and transducer matching yielding then the
best audio quality. It is expected that integrating cur-
rent driven devices with micro transducers will soon
be considered a most valuable manufacturing policy.
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