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Abstract

Current-controlling loudspeakers has been invetgthaince a significant time and is known as quite
appreciated by demanding audiophiles. Today's neavket research clearly moves to investigate on
adequate innovative designs together with simpertical solutions to deal with their residual tioear
properties. Hence, this paper aims to present goactmanalytical approach allowing to synthesize the
harmonic distortion hindering the audio quality efectrodynamic loudspeakers, while considering
separately the influence of the changes of theinmanstitutive parameters. As a great convenighee
relevant compact way to shape Taylor polynomialsvidies simple expressions describing the first five
harmonic distortion lines on the whole spectrunadeeding so clearly highlights the critical infleenof
each given parameter. Besides consistency when ar@ahpvith numerical analysis operated with the
Simulink® software, this approach may be easily implemenihl a standard spreadsheet application. We
also highlight the interest to refer the acceleratif the diaphragm to that of the gravity refeetavel.

0 INTRODUCTION

Sound processing with current driven loudspeakepedds critically on high quality transducers tbget
with their relevant and adequate circuitry. Althbugowadays this approach is far from being spread i
today’s audio industry, the development of highiiqyaniniaturized devices based on new materials is
bound to start a significant change towards curdnite policy. Moreover, besides cogent technical
developments, strong simplifications regarding silzed analytical approaches are most welcome terfos
the mandatory engineering work enabling to reacllyetion stage.

The main purpose of this paper is to present a actngnd articulate analytical model of current eniv
loudspeakers so as to assess their remaining mearlshortcomings. Displacement, speed and actielera
(quantity directly associated with the resultingisd pressure) of the voice coil can be easily attarized
up to their first fifth-order harmonic distortiommponents along the whole spectrum. To coverdtier]
numerical simulations require numerous calculatitmsleal with a specific isolated flaw. On the othe
hand, any"f-order harmonic distortion lineHD;) is classically referred to by way of plotting isspective
acceleration level as a logarithnmiatio with that of the fundamental level. Conversely, highlight in this
paper the interest to depict each component togetitke the fundamental as a logarithmic ratio wiitie
gravity acceleration level, allowing the observerassess at a glance the spectral pattern of"aondér
harmonic distortion.

Straightforward models for coupling loudspeakerthwiectronics software are quite simple since thase
RLC circuits [1]. Yet, despite picturing the impeda versus frequency relationship, such models are
obviously unable to allow for the numerous shortotw® of loudspeakers, especially their nonlinear
limitations. Indeed, nonlinear behaviours are duteach of such models since neither electromechéni
properties nor physical quantities, such as digphent, velocity, acceleration and force may be rately
accounted for. Since a long time, current drivéoatispeakers proved a well established way to eedoo
linear distortion. However, despite numerous wahsd a significantly probing literature [2,3], quiiew
devices are nowadays available on the market.

p-1-



As a matter of fact the following fundamental matbal and electrical equations describing a generic
transducer can be written as [3,4,6]:

2
B+ sorfe=m, X f ik N (1)
2 dx dt dt
di X
€y =Ry, + Le-a +B d;_t (V] (2

As regard€q.1, x is the displacement of the voice coil (mB)the force factor (T.m) of the motor system,
the driving currentM,,, the equivalent mass of the moving voice coil [Kg] the mechanical damping
parameter and drag force [N.S'ink,, the suspension stiffness [N andL. the voice coil inductance.
The left member includes the useful drive force tlughe Lorentz interaction, acting together with a
extraneous component, the solenoid force (alsaresfeto as the reluctance force), stemming from the
stocked energy within the moving coil [3,4,5,6].

Consideringeq.2, R is the voice coil electrical resistanc€e][ ande the fem [V] observed at the transducer
terminals during operation. Although valuable tsess the electrical behaviour of the systé&m,2
becomes factually useless in the advantageousofaseurrent-drive policy since the designer hay tm
optimize the left member d&q.1 so as to drive flawlessly the moving coil. Thdre physical behaviour of
a generic electrodynamic loudspeaker is exclusiveposed byEq.1 and naturally devoid of the numerous
non linear distortions stemming from the unfortenedmpound of botkg.1 and2 addressing the voltage
drive policy [7,8,9]. Although the only advantageder voltage drive is a natural damping in the mesce
region of thespectrum (owing to the motional impedance), effective filbgy solutions can be nowadays
considered to promote current-drive [3,6], as isvahin theappendix illustrating a mere generic scheme.
Then, one could acknowledge that the widespreathg®ldrive policy stems from commonly established
practice and classical electronic convenience only.

1 HIGHLIGHTING THE RATIONALE OF THE APPROACH

Predominance and self-governing property Exf.1 are clearly highlighted with the straightforward
electrical schemes depictedfig. 1. indeedEg. 2 entails most untoward compounded electromotivee®r
(inductive and motional e)f whereas any ideal current-drive policy makeshileaviour of the transducer
independent of such extraneous e,nT.herefore, the sources of non linearity assodiatigh the latter are
naturally rejected with a functional current-driv¢owever, to be operational, an adequate filtepoticy
has to clear out the resonance regime togetherpaatspective untoward high frequencies.

Loudspeaker equivalent to an active E, - E;
load in series with the voltage supply I= R I=1

Voltage Control Current Control
Thevenin Scheme Norton Scheme

Fig. 1: Natural rejection of nonlinear components de to Eq.2 with an ideal current-drive policy
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Considering the displacement of the diaphragm a&mdiérived quantities (speed and acceleration), the
natural behaviour of the transducer only dependEamf, where the nonlinear harmonic components stem
from relevant effects regarding both parameterthénleft memberg,, L.), and those included in the right
one K, fm). Since representative of the effective soundqumesthe acceleration is the pivotal quantity.

For the purpose of comparison between numericalaaaditical results, we refer to the special cédsa o
commercialized midrange loudspeaker (MOr&lM 428) as a reference model, considering its nami
parameters [10] together with its measured nonfing@racteristics obtained by way of a standard
calibrating KlippeP apparatus [11].

Nonlinear parameters can be described by way ofor @lassical truncated power-series [12, 13] thay
be conveniently limited to the fifth order. Heretfollowing compact formulation allows us to deiser
harmonic distortions up to the fifth spectral lif@ this end, the displacement can be describeoraiog
to the following series:

X =Y X B =3 x @ = X, @ + X, 8 + X, 6 + X, &7 + X, & (3)

i=1 i=1

On the other hand, considering the dependenceiviea nonlinear parameter notkégainst a static value
referred to ag (displacement in steady statk)can be approached with a power-series expansnasi

AX)= Ay + A, X+ A, B+ A, 5E + A, K + A, ¢C [USI] (4)

For a given regime fitted with a fundamental fregue the first fifth powers of the displacemdrntk<5
can be expressed with:

X = X =3 B +35 B +x{ [ +x; &7 +x @ +¢ (5)

(jw)

As each coefficient noteg" related withEq.5 can be easily determined by way of a classicaicated
product, the set of relevant values is summed Uf@bie I.

Displacement X X*= xKe®+ xf ¥+ xFeV+ xSl + X< ¥
Order | X ! X]_l: X1 X21= X5 X31= X3 X41= X4 X51= X5
Ordrer Il X 2 X12=O X22= X12 X32=2Xle X42= X22+2X1X3 X52=X1X4+2XZX3
Order I X 3 Xl3=0 X23=0 X33= X13 X43=3X12X2 X53=2X12X3+3X1X22
Order IV X 4 Xl4=0 X24=0 X34=0 X44= X14 X54=4X13X2

5 5_ 5_ 5_ 5_ 5_ 5
Order V X X1"=0 X2°=0 X3°=0 X4 =0 X5= X1

Table I: Coefficients values relative to the firstfifth powers of the displacement X

2 HARMONIC COMPONENTS OF DISPLACEMENT DUE TO THE FO RCE FACTOR
Aside from B, expanded according tBqg.4, we considerEq.1 with linear parameters. The successive
derivatives of the displacement (the spéedand the acceleratié;tl picturing the sound pressure) are
developed so as to conform with respective left gttt membersiM andRM) of Eq.1 rewritten as:

B 00 i = {'V' o DX+ £ X 10, W(jw)} 6)

RM _Linear

Here,RM exclusively fitted with linear quantities, is csally processed as:

X=X, &%+ X, &7+ X, &7+ X, + X, & +¢ (x with k) (7a)

X = jaX, B% +2] X, B +3jaX, B +4jaX, B +5]aX, B +& (xwith f) (7b)

X = —a? X, [B% - 4a# X, (8% — 90 X, (B —160/ X, &% - 250X & +£"  (xwith M;) (7)
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Gathering the relevant terms yields:
RM =M, Ehx1 &Y P, + X, &7 [P, + X, [&¥ [P, + X, &Y P, + X, & [P5J+£, (8)

where specific polynomial quantities may be defingith:

Pn:nZEEp2+'\;—mB:';[p+I\:—m[—Ir3'—Z}=n2Eﬁp2+§%fp+%zt":—z] [s7] (©)

m

Then,considering a current excitation signal suchiasjo.d® = i,.e¥, Eq.6 may be written as:

by + b, +, X2 + b X3 + b, X * + by X° + ], @ =M, (D X, &7 [P, (10)
i=1

In this notation coefficients notdal relative toX;. are given for each power with; = b/2 , considering
so coefficientdy; (0<i<5) measured in steady state [6]. Then, assumingl@gant the identification of each
component to a given harmonic frequency, the gtiastsummed up ifable | allow us to point out :

M m.X1.P1 = bo.ig [fundamental frequency] (12)
Mm.xZ.Pz =0+ b'l.io.xl

Mm.X3.P3 =0+ byl.io.XZ + b,z.io.xlz

Mm.X4.P4 =0+ b'l.io X3 + b’z.i0.2.Xl.X2 + b’3.i0.X13

Mm-X5.Ps = 0+ b'Lio.Xs  + Do (X2+2.X1.X3)  + b'3io.3. X2 X, + b'gio. Xe*

Mm.X6.Ps = 0+ b'Lig. X5+ bio.(X1.Xa+2.X0.X3)  + D'5.i0. @X2X3+3.X0. XD + b'iodX2 X, + bhio.X4°

Such a writing is noticeably simplified when coresidg auxiliary coefficients, =b’y.if/M, together with
inverted polynomial quantities such as:

1
f k. 1
e Qpt+ m e fm gl
EEp M, nEIO M, nz}

. (<7 (12)

nziz with On, Lim(Fn)z
Pn w-0

1
@’

Then the set of relatiori&gs.11allows each component to be successively detethiioen its former ones:

X1 =Fi.[c] (13)
X, = F2.[Cl.X1]

X3 =Fa.[cu.Xs + 6. X7

X4 = FafciXs + 6. 2. X1 X5 + 65X,

Xs = Fs.[c. X4 + Go.(X2242.X1.X5) +C3.3. X2 X, + 6. X1

Xo = Fe.[Cr. X5 + Co. (X0 Xat2.X0.X3)  + G (2XA X3 X0 X)) + GdX P Xo  + 66X,

Such components may be also determined on theiy witim for instance as regard the first fourth ne

X1 = [Col-F1 (14)
Xz = [Co.cq].F1.F

X3 = [COZ.CZ].FJ_Z.F:; + [C().Cl].Fl.Fg.F:.;

Xa= [COS.C3].F13.F4 + 2.[Q)2.C1.C2].F12.F2.F4 + [%2.C1.C2].F12.F3.F4 + [Co.Cls].Fl.Fz.Fg.F4

Xs and Xg are not described iBgs.14 due to their useless intricate shape besides lziogssible with
Eqgs.13for the purpose of illustration.
2.1 Application case and numerical specification tassess the results

As the sound pressure hinges on the acceleratidheofliaphragm [1, 3, 6] any relevant use of tlteia
results must consider the following transformati¢fios a given component regarding th& order).

A =-o h* X, [m/s?] (15)

At first we consider the reference transducer whoeasured, static coefficients and nominal parameters
are respectively summed upTable Il andTable Ill . Then, a moderate current regime is considere wit
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a 100 mA amplitude for the purpose of comparisoca€ulated acceleration values. Besides, restdts a
also investigated with a numerical simulation opettavith the Simulink software [6].

bo [N/A] by [N/(A.mm)] by IN(AMM3]  bs[N(Amm3)] b, [N(AmmY)]  bs [N/(A.mm?)]
5,9305 0,069300 -0,23512 -0,081449 0,011269 0,008124

Table II: Force factor coefficients entailing the nvestigated nonlinear behaviour of the transducer

Morel ® Midrange EM 428-8Q (04" [12.1" voicecoil
Nominal parameters Theoretical values Measured values
MassM, 6,559 6,529 g
Mechanical damping f, 0,86 kg/s 1,239 kg/s
Rigidity kg 1136 N/m 1938 N/m
Resonance Fregk, 66,29 Hz 86,7 Hz
Force factor B, 54T.m 5,934 T.m
Resistance DC R 5,4Q 5,41Q
Inductance (parg L 0,36 mH 0,356 mH
Mechanic Quality factor Qp, 3,03 2,871

Table IlI: Theoretical and measured nominal parameers of the EM 428 reference transducer

According toTable Il, the pattern associated to the force factor agaisplacement is depicted ig.2,
where both even and odd parts are also illustrdted.operational range is voluntarily exceedingigirsmed
so as to highlight the relevant parts to be comele

o
o~

_ _r,.g--'"ﬁ'r’!’ 5 Measurements ey T _
s e

[for mm] Z 4 -
b0 = +5,9305 = Morel EM 428
bl =0,0693 g 3
Eg — _832?4114219 L"T: Symmetry properties
b4=0011260 8 | BL(Y Bleven= Bl +BI)2
b5 =0,0042478 E Bl (-x) BI_odd = [BI(x) - BI(-x)]/2

1 Operational range
<€ > x(m)
—0.003 -0.002 —0.001 0 0.001 ' 0.003
-X_max +X_max

-1

Fig. 2: Static changes measured for the force faatagainst displacement Klippel® testing bench

On the other hand, Simulifiks a block diagram environment for multidomain siation and Model-Based
Design. It supports system-level design, simulatiaatomatic codeand continuous test. Then, as the
representative equations of a transducer depeiddootime and displacement, such a numerical saler
take into account all the involved parameters. gliysical quantities, such as displacement, spedd an
acceleration, can be advantageously modelized derisg any parameter described accordind=¢p4.
Then, nonlinear quantities can be coupled withcakiite function blocks allowing to account for the
evolutive parameterB[(X), kn(X), L&(X), fm(V)]. As depicted inFig.3, the model relies on processing the
pP-5/23



running displacement x(t) as a feedback data famprding sequentially each other parameter. Indénexd,
numerical scheme illustrated irig.3 is fitted for the current supply mode [6]. As eleabwith this
Simulink® model, the current excitation signal can be prseesyielding both displacement, speed, and
acceleration values in sampled time. Such behawiatg simulated before processing with a clas&iaat
Fourier Transform. As in the literature, the OdBerence line level is that of the fundamental. Then
fundamental spectral lines can be investigatedtiegewith their respective sets of harmonics due to
nonlinear distortions. Here, aside frdgp all the other lumped parameters are consideredheit test
position.

— LA
<" Function

i

ey s 1|

I_. 1 () .T x(t) Displacament Output
5

7 —_ — et
|—TD fm [U) : |_. - ] l‘(,tJ
‘ Function | X a(t) Acceleration
I : Ll —

s AL (x)/dx

| |__Function X <% 4.@_.; # V(t)
SN ‘ _ Voltage u(t)

/‘\ i[t_} =
v g el p b
| () Solenoid Force i(t) @
Input dr
.current % : 1 -

BI(x)

x(t) F un.(.nor.r 1 x(t) Fum(?;l)n :
Bl(x],J ‘
o=

Fig. 3: Simulink® nonlinear numerical evolutive model for a currentdriven loudspeaker

X
X
F++

2.2 Comparison and assessment of the acceleratioalues

Considering the abovementioned conditions, resgeatesults regarding both analytic and numerical
approaches are depictedfig.4. Aside from the first low frequency values asstedawith the sixth line,
results are in good agreement. As an illustratibnhe acceleration reference level associated wieh
fundamental, several sampled values are summedTgbie 1V.
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10Hz 1585 252 39,81 63,11 _ 158,49 251,19 398,1 631 1585 2512 3981 6310 Freq. [Hz]
E 10 1 1.2 14 16 18 2 22 24 26 28 B 32 34 36 38 4 4.2
5 20 31,62Hz 100Hz 316,23Hz 1000Hz 3162Hz 10|kHz
= T
E -30 | lo g(f) Harmonic line accélération values in dB
g 40 X relatively to the fundamental level
: 1 z : —
= -50 ; Ak = 20.log m S i\z(f)‘ |
=) Accélération | g =
= -60 S -la3nl B P
g 70 s g
= S |A4(f
E -80 2 _‘ (0 E v
£ -0 2 - |asn E
== | = o=
2 100 < -las(n)| @ A
= -110 !
- p— (5]
» -120 AI A2
< s A _ %
°>’ -130 §x42,6Hz g: \ .g %
= 140 & £ &
) EY £ 5
£ -150 g 5.z
= =l =T
=l S
.2 -160 é, \ S g
£ .o I=100mA & N 2Z
T —
£ 180 = ' \‘\ <3
g o I~
1
-ZO(I](le 15,85 25,2 39,81 63,11 158,49 251,19 398,1 631 1585 2512 3981 6310 Freq. [Hz]

Fig. 4: Behaviour of the first six harmonic lines acording to both analytic and Simulink® approaches

A1 (Mm/s?) A1 (Mm/s?) A1 (M/s?) A1 (M/s?) A1 (M/s?) A1 (M/s?)
F=10Hz F=31,62 Hz F =100 Hz F =316,23 Hz F =1000 Hz F =3162 Hz
1,22 13,74 230,97 97.69 91,48 90,91

Table IV: Acceleration reference values associated the fundamental (current 100 mA)

The physical meaning regarding the lines patteowshin Fig.4 will be discussed hereafter since classical
representations referred to the fundamental haaxrlglto be argued.

3 INVESTIGATING ON THE HARMONIC DISTORTION DUE TO T HE SOLENOID FORCE

Considering the extraneous driving force within Il member oEqg.1, the mechanism can be assessed on
its own so as to compare its untoward effects wite other sources of distortion. An exclusive
solenoid drive would yield:

2
Toofle oy %0 ¢ ™0 & N] (16)
2" Cix ot ot

A very simple way to deal with such an interacti®o regard the quadratic character of the driviagent

in Eq. 16, with i(t)= io.cos@t) andcog(at) = ¥.[1+cos(2X)]. The static component acts in continuously
taking back the voice coil, and is superimposed whe fluctuation at the double-frequency. On thieep
hand,Table V illustrates the measurements values relativedaritiuctance power series coefficients.

lo mH I, [mH/mm] I [mH/MmM?  I3[mH/mm® I, [mH/mm* |5 [mH/mm®]

0,35099 -0,016090 -0,0079749 0,00058492 0,000185087,1582.1¢F

Table V : Inductance nonlinear coefficient values

Then, assuming a significant current value vigth 1 A, at the first order, the entailed staticptheement
notedXs; would be close to:
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[m] (17)

According toTable IIl, the double-frequency fluctuation is superposeth \ai static displacement value
given with: X¢ = - 5,2.10"'m. Now, for the purpose of comparison the forcemlived with both Lorentz
useful mechanism and the solenoid extraneous analsa be evaluated. A quasi-static regime witimigyu
current yields a Lorentz fordg = B,.i = + 5,93 Nmoving forward the diaphragm. On the other harith w
[dL/dx =-0,016 H/m], the solenoid force notegfeatures a peak to peak absolute value given with:

Fs =2 g=rfel < 12 01,/ = 0,008N (18)
2 dx| 2

Such a tiny value, about®g35% magnitude of the Lorentz force allows us to pasjuasi linear behaviour
as regards the double-frequency component supesggpwith the static backward displacement. Then
considering the double angular frequem®y2 @ the solenoid distortion component can be written:

X,=tmot ol wih Py, =|-@t+m e [m] (19)
4 m 1(w) M m M m
As a result, the relevant acceleration (quantityeaonsidered for the audio signal), is given with
1 1 -’
o =— 0, F—0— [m/s?] (20)
[An]w_zm; 4 1 M - Pl(w)

Results of bottEq. 19and20 are compared with the Simulifikkumerical simulation as depictedFfig. 5
for two different values of the driving current.

m = Numerical simulation

0 12 4410
44,45 Hz 3.5'1077

T &
oo

[=250mA

A1KHz | 5.

00,0386
— (),0384

>
>
N

>
>
S

olenoid Acceleration [m/s?]
K
Solenoid Displacement [m]

0023

5.10 ( \ log(f)

0 0.5 1 15 2 2.5 lOg(f)-3 0 02505 075 1 12515 1.75 2 225 2.5 2.75 3

Fig. 5: Assessment of the solenoid effect

As the manifestation of the effect occurs at twilke shown frequency, it is clear froRig.5 that the
extrema appearing att4,45 Hzcorresponds quite closel&,90 H2 but not exactly with the mechanical
resonance frequency of the transdu@&,{ H2. As a most important point that markedly différesm the
other distortion sources, the solenoid effect dbedrate as the frequency is increased.

4 INVESTIGATING ON THE RIGIDITY

The stiffness or rigidity parametkf, may be investigated either while considering s @ower-series or
that of its opposite quantity the so-called compteC,=1/k,,. Measured coefficient values for the stiffness
are summed up imable VI.

Ko [N/mm] kq [N/mm?] ko [N/mm?] ks [N/mm?] k4 [N/mm?®] ks [N/mm©]
1,579 0,33332 0.058674 0.036590 0.025980 0
P-8/23




Table VI: Nonlinear coefficient values for the suspnsion stiffness

Symmetry properties can be analysed the same veayttiat of the force factor, leading then to specif
harmonic components as will be discussed hereaften dealing again with the force factor analysis.

4.1 Harmonic components of displacement due to ridity

Considering agaiiq.6, the right member (RM) is now nonlinear, dbgl.7a has to be processed according
to the power series describing the stiffness fittdth values notet’ and defined as:

| 1 1 1 1
K(xf%” = o ko 5 O DX 5 Oy DX 4 5 Tl DX 4 T X (21)

ThenEq.6 can be reformulated as:
B, [, &% =— M, [/ X, &7 +4X, &% +9X, &% +16X,, [&" + 25X, &% +¢|
+ j o, X, 8% +2X, 8% +3X, 8% +4X, &7 +5X, &% +¢]
K X, [ + X, @7 + X, @ + X, 8% + X, 6 +¢]
+, X2 @ +2X,X, % +(X2 +2X, X, ) @™ +(X, X, +2X, X, ) & +¢]
+I, X3 @ +3X2X, @ +(2X2 X, +3X, X2 )@ +¢]
+IX P+ AXEX, 6 +¢]

+i, XS e + g (22)
Then, with regards td@able I, displacement values can be determined and eatipareent identified
according to the aforementioned way: (23)
M. X1.P1 =By.ig [fundamental frequency]

Mum. X2.Po= -[K 1.X47]

M X3.Ps= -[2.K 1.X1.Xo+ K 2.X47]

MumX4.Pa= -[K 1.(X%+2.X1. X3) + K 2.(3.X2X,) + K 5.X4]

M- X5.Ps = [K 1.(X1.X44+2X5.X3) + K 2.(2. X% X5+3.X1.X57) + K 3.(4.X°.X3) +K 4.X17]

As before, for the purpose of simplification, atady coefficients can be defined such as:

¢ =B.iyM, Relative mass strength  [N/kg] (24)
i _k -1 i+1
and: g, _EBM_ [N/(m™.kg)] (25)
Then each component may be written as follows ategrto its former ones:
(26)
Xi=F.[¢]
Xz =Fa.[ g1 X’
X3 = F3[ gl.Z.Xl.Xg + gg.Xlg]
Xq= F4[ g]_.(XQ2+2.X1.X3) + g2.3.X12.XZ + gg.X14]
X5 = Fs.[ 01.(X1.X4+2.%5.X3) + . (2X 2 X5+3 X XD + G dX 3 X, + 6. X1°]
Those components may also be defined on their oamsidering for instance the first four ones (tifign f
one is not described as such, owing to a uselesbensomeness): (27)
X1 = ¢F1

X2 = 4)2. g]_.Flz.Fg
Xs=¢° [2.9°F, + g
Xy = 4’4- [91-(F22-912 +2.F3.( 2-912-F2+ %)+ 3.0.0.F> + g
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4.2 Application cases and comparison with numericakesults

As before, acceleration values are determined \Eithl5 and relevant specifications regarding the
considered driving current. In a first case, withparameters asidk,, being considered at resff.(Table
llI), the driving current is fixed with 200 mA amplitude value. Then, with the classical waydter all
harmonic component levels to the fundamental valliable VII makes clear the most significant level
values regarding this special case.

A1 (m/s?) A1 (m/s?) A1 (m/s?) A1 (m/s?) A1 (m/s?) A1 (m/s?)
F=10Hz F=31,62 Hz F =100 Hz F=316,23 Hz F =1000 Hz F=3162 Hz
1,505 17,391 181,87 96,22 91,35 90,88

Table VII: Level values of the fundamental line wih a 100 mA current driving

Moreover, the behaviour of the first fifth compotseis depicted ofrig.6. Here, the analytic model seems
less fitting with the numerical approach whose galare ensured with another calculation develogdd w

the Mathematica software. Indeed, at a frequency close to 25 Idzfifth component values (then at 125

Hz) shows off a discrepancy between calculatedl$exeaching up to 7 dB. Aside from this noticeable
local divergence the analytic model seems to bepeweerly.
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Fig. 6: Behaviour of the first five harmonic compomnts regarding nonlinear stiffness (with 100 mA)

Hence, in order to fathom about the degree of maspe discrepancy to be expected, an other case is
investigated with a significantly increased currealue, now fixed a250 mA Then, relevant results are
plotted and made clear Fig.7. Since the purpose of this illustration is onlydetect eventual flaws of the
analytic model, fundamental level values are ne¢gi(being considered useless in this case).
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Fig. 7: Behaviour of the first five harmonic linesregarding nonlinear stiffness (with 250 mA)

Considering nowFig.7, as the driving current is significantly increassel’eral noticeable discrepancies
show up at low frequency values as regard bothtlioand fifth harmonic components, with local
inaccuracies reaching up to 10 dB. However, omthele the analytic approach behaves properly angt mo
especially as the frequency is increased.

5 IMPROVING THE HARMONIC LINES REPRESENTATION

In the first part of this paper, the classical wiagt hinges on taking the fundamental level agexe@ace has
been used with the only purpose of comparison kewaimerical and analytic results. However, such a
practice proves unsuitable for understanding theive influence of the sources of distortion. Thenthe
following we take as reference the acceleratioell®f the gravity constant (9.81 m/s?) as is clzasin
many a technical field of physics. As a first cansence one can assess the relative importanceeof th
former cases that can be compared.

5.1 Investigating on the relative influence of théarmonic two

As an illustration, we consider the former distmnticases (with a 100 mA current driving) associavid
the second harmonic components. Then, the effestgectively due to the force factor, the stiffnasd the
solenoid interaction, can be plotted while consigithe gravity constant as the acceleration refere
value. Results are depictedkig.8, while taking account of the reference transdulega [10].
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Straightforward acoustic considerations [1,6] allawhighlight the audible threshold with the follmg
equivalence [0dB < -51dBy. It is clear fromFig.8 that with such a low 100mA current value the soidn
effect is negligible while the force factor efféstpredominant at low frequencies. Then, althoughsual

in the state of the art, taking the choice of aegivacceleration value as a reference improves the
understanding of the relative effects.

6 INVESTIGATING ON THE HARMONIC DISTORTION DUE TO T HE DRAG FORCE

The mechanical resistance of driver suspensiore$osan be investigated with a view to designingi§ipe
metrological devices. Although the transducer absmEd for the illustration is not fitted for such a
metrological purpose, it is of interest to assuheeliehaviour of it§,, parameter as a nonlinear function of
the speed of the diaphragw) @nd to determine the entailed distortion effdat.our knowledge such an
investigation is in no way a classical approactcdesd in the literature.

6.1 A simple law accounting for the Drag force

At first a general power-series function of spead be considered to describe the mechanical damping
parameter and drag force as follows:

fog = fot L+, 02+ 007+ f, 0+ f,0° +¢ (28)

Although devoid of physical meaning, such a writcwuld be assessed with a speed observed at steady
state. Then, considering back the physical meatfiagcoefficientf; is a rather insignificant quantity, just
allowing for some sort of unsymmetrical interactitrat we shall neglect in the following illustratio
Converselyf, is the prominent factor taking account of the dfage that is clearly a function of the
volumetric massg) of the fluid flowing around the transducer. Theith a clear physical meaningg.28

could be written as:

fog = fo+ 045 vith f,07 =C, [s%uowz [N/(m/s) (29)

In such a relation, ds a classical drag coefficient that we will tadethe unity, an& the active surface of
the diaphragm (57 cm? for the EM 428 transduceend¢ a general analytic rationale can be developed.

6.2 Harmonic components of displacement due to Dragrce
At first let’s consider the auxiliary quantiti¥sandy; defined with:
Yi = Xl Yg = 2.X2 Y3= 3.X3 Y4= 4.X4 Y5: 5.X5 (30)
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Y=Y, &Y +Y, &7 +Y, &7 +Y, &7 +Y, & +¢
Then, as regards speed we have:

. .2 .3 .4 .5
X=jayY ,with: X =—a?[Y?, X =—j@Y?, X =a'Y*, X =jw [Y¥° (31)
On the other hand, tHg coefficient against displacement and successixigalives is such as:
1 e P S A QU
fm(x)=§Df0+§Dle( +?Df2D( +§Df3D< +?Df4D( +§Df5D( +& (32)

With a driving current noteil= io.d® = i,.€”, the relevant part &q.1 can be formulated as: (33)
B, [, &% =— M, [/ X, &% +4X, &% +9X, &% +16X, [&" + 25X, & +¢|

+KIX, % + X, 8% + X, @ + X, &% + X, @7 +¢]

+j oCF ' [X, 8% +2X, &% +3X, &% +4X, &% +5X, [ +¢]

~ P 1K +2XY, 8% + (Y7 +2X, Y, ) @™ +(X, Y, + 2X, [Y,) & +¢]

— jat X3 @ +3X2Y, [ +(2X2 1Y, +3X, [Y? )& +¢]

+ o 0K, @ +4X0Y, @ + ¢

+ jaff‘4[t]>(f & +£J

In this writing the auxiliary parameter; = (1/2).f; allow a simplified notation. Moreover, as beforkile
considering the quantities arrangedable |, we have the following identifications: (34)

M. X1.P1 =By.ig [fundamental frequency]

Mum. X2.Po= [f 1.6%. X7

M. X3.Ps= [ 1.6%. 2. X2 Yo+ 50 X1

M Xa.Pa= [f 1.0% (Y22 42.X0.Y3) + £ 2jw.(3.X2Y)) - F3.00". X,

M Xs.Ps = [ 1.00% (X1. Y 4+2Y2.Y3) + 0. (2. X2 Y 3+3.X1.Y,0) - P, 4.X32.Y,- F 4jwr. Xy

As regard€q.24.in the same way as the prior analysis (relativieJpsuch a writing may be reformulated

as the following set of relations: (35)
Xi=F.[¢] [fundamental frequency]
X, = Fo.[ h.6f. X.%]
X3 = Fa.[ hp.6f.4.X.X, +j.6.h. X,%]
X4 = Fa[ hp6F.(4.X2+ 6.X.X3)  +].a.hp.6.X2%X; - ha.@'. X,
X5 = Fs.[ N6 (4.X0. X, +12.%.X3) +].@0.hy.(6X,°. X5+12.%.X5%) - h.d'.8.X2. X, - hyjar.X;°],
with auxiliary parameters defined ds: :% E-IML (36)
Hence, here again each component can be expressedaovn, with for instance the first four compate
explicitly given with: (37)
Xi=F.[¢] [fundamental frequency]

X2 = F]_2F2¢2(lf[h1]
X3 = F13F3¢30‘3[F24(nfh1 + J hg]
X4 =F* F..0" @' [4.F.af.h> + 24F, Fs.6f.h® + 6.j@h,.h,.(F, +F3) - hyl

6.3 A prospective application

As a prospective application one could investigateéhe volumetric mass that could be measured ghenk
a transducer optimized to this end. The mass b&iognservative quantity, the static pressure ardhed
transducer could be the quantity under experimastan illustration with airp = 1,23 kg/m at the
atmospheric pressure, takifig as the unity an® = 57 cm?, as regandq.29 andTable 11l (f=1,239 kg/s)
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we havef = (20.C,.S) = 3,506.18 N/(m/sf. Then if the static pressure were to be increabed
coefficientf,, would behave according Eig. 9.
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Fig. 9: Influence of the static pressure on the daforce part of thef,, coefficient

6.3.1 Harmonic components of acceleration due to¢hDrag force

With Eqg.15 and taking account of the exclusive evenness @dsdcwithEq.29, the set ofEqs.36vyields
the three following harmonic components:

A]_ = 'F],(I).(lf (38)
A3 = '9.F13.F3.¢3.j ﬁfhg (39)
As = 150F;° F3.Fs.¢°.a8.h; (40)

Then, special cases may be investigated involvioth kihis analytic approach and relevant numerical
Simulink” computations.

6.3.2 Comparison between analytical and numericalesults

Consideringh, given withEq.36, if P, is the atmospheric pressure @the pressure experimented with, a
given static pressure condition entails:

f 2= (Y28ppy-Cx.S) = (P/R).3,506.1C [N/(m/s)] (41)

At first, it is clear that the fundamental is deyaif any useful information about the drag for¢ent about
the static pressure. Conversely, accordingq@9, the characterisation difie third line could be directly
indicative of the pressure. Moreover, the sensjtiif a prospective device stemming from such an
approach would be directly function of the thirdwes of the current value, insofar as the other
shortcomings (generating their part within thisrdhcomponent) would be duly rejected by way of any
differential metrological approach in the statealhaf art [14].

In a first case we take as before a quite low védu¢he driving current witdi00 mA Moreover the chosen
relative static pressure value is also not thathmaticeable with onlywice the atmospheric pressures
is plotted in green ifrig.9. Then, according to the aforementioned interestiathe gravity reference level,
analytical and numerical results can be comparéddzade clear witlfrig.10.
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Fig. 10: Influence of the drag force through the tird and fifth components (P = 2 bar , | = 0.1A)

Indeed, the gravity reference way to represensgeeific pattern relative to each component isflaoted
with the pattern of the fundamental, as is unfaataly the case with the classical way to refehmlevel

of the latter. ThenFig.10 allows a genuine observation about the real Iésatured by the harmonic
components. Here thextremum associated with the third component (at the sjpetéquency 886,7Hz) is
relevant with the maximum value characterizing Hemsitivity of a device whose operation would be
fostered by our rationale. Here, with the relativeloderate value of the driving current, the signalld

be just close to the audible threshold.

More explicitly, considering the preceding notatidngether withEq.39, the third acceleration component
analysis may also be stated as the product of @fgpmetrological constant() by a relevant function of

frequency ¥) SO as to highlight the parameter of sensitivityd dedicated sensds ( Y[(m/s2)/(kg/n)].
_ 9B i @ (F, ° (F | i {As= Ko Wi’ Or:As=S 42
A3—-§GI\F[CX[$ J |:|F1 DFs [ﬂom, or:Az=K,. @-lo-Pp OrA3=S.p ( )

m

Then aside from those technical prospective coraiitas, it is necessary to get back to the assassof

the analytical approach, with a second case tonbestigated with both approaches considering a more
significant current value: Here, the current is reet/to250 mA while maintaining the static pressure value
at twice the atmospheric pressure.

Then, a pertinent comparison between analytical randerical results is allowed while considering the
patterns of the harmonic components depicteeigrl 1
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Fig. 11: Influence of the drag force through compoents 3 and 5, for a 2 bar static pressure (0.25A)

As expected, the relevant level of the acceleradignal are noticeably increased with the drivingrent,
suggesting that some degree of freedom would bevall as regards the design of a specific sensdinidn
way it is clear that harmonic components of botidthnd fifth orders are substantially enhanced.

7 GETTING AHEAD TO IMPROVE HARMONIC LINES REPRESENT ATION

As a major improvement, taking the gravity as eemfice proves to be of help for interpreting the
behaviour of harmonic distortion. A second provisibay be considered while plotting each component
according to its own real (eventually audible) fregcy valueFig.12 translates in this way the data
depicted irFig.4.
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Fig. 12: Real behaviour of each harmonic componertisplayed according to their own frequency in
the case of a nonlinear force factor and a 100 mAriging current

As real frequency values are directly displayedoch a representation, physical properties are mmanbi
clearer. At first, whatever the componentaximum shows up at the natural mechanical frequency @f th
transducer. Then, as a prominent property eachdraecncomponent shows aodf secondmaximum exactly
arranged at its own specific place as the produttieéfundamental resonance frequency by the censitl
order of said component. Now, considering the fiftmponent, as is also clear wiftig. 4, a quite
peculiar singularity occurs around the special dmwy value [42.6 x 5 = 213 Hz]. Such & dot
Extremum point was closely observed with both the analgticd numerical approaches, up to now without
any obvious physical meaning nor mathematicalfjaation as regards the setkeds.13[6, 15].

On the other hand, the falling off regarding ea@rntonic component at high frequencies is easily
guantified, at first while perusing the figure, bmbre precisely with the analytic approach apptiadoth
sides of the decade [10kHz - 100kHz]. Then, asytiplevel lessening values, all with-40 dB, fall apart
from the former one, are characterized as follows:

Fundamental behaviour: invariant level

Asymptotic fall of harmonic componeft -40 dB/decade
Asymptotic fall of harmonic compone8t -80 dB/decade
Asymptotic fall of harmonic compone#t-120 dB/decade
Asymptotic fall of harmonic compone®t-160 dB/decade
Asymptotic fall of harmonic compone6t-200 dB/decade

As ana priori non obvious property only limited to the harmoo@nponents investigation (since it would
be false with a study on intermodulation genergtidhe set ofEq.13 clearly indicates that any given
alteration regarding a component noted(due to a given change of relevant coefficiest)puld not
interact with any former componemt-{ for instance).

Furthermore the way to display each component agais own frequency confirms its interest when
considering the abovemention&y.6 associated with the stiffness analysis. Expandiagh frequency
scale as beforeig.13 can be considered with a view to getting speabaclusions and understanding
about the effective behaviour of the system.
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Fig. 13: Behaviour of each harmonic component dispyed according to its own frequency in the case
of a nonlinear stiffness parameter and a 100 mA dving current
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As in the former case, all components display & ffilaximum at the fundamental mechanical frequency of
the transducer. Again, each harmonic componerittéfwith a secondmaximum exactly arranged at its
own specific place as aforementioned.

As a major difference when compared with the fdewor investigation, here the level abatement avhil
increasing frequency is quite more marked althouigh the same property-40 dB, fall marking one apart
from the former one). Hence we have:

Fundamental behaviour: invariant level

Asymptotic fall of harmonic componet -80 dB/decade
Asymptotic fall of harmonic compone8t-120 dB/decade
Asymptotic fall of harmonic compone#t-160 dB/decade
Asymptotic fall of harmonic compone&t-200 dB/decade

Such a behaviour discrepancy is quite naturallyja@mpd while considering the shift order stemmiranf
the left member oEq.10 (while multiplying by the current) as regards #realysis of the force factor.
8 SPECIAL BEHAVIOUR WHILE INVESTIGATING ON A PARAME TER EVENNESS

Considering now the constitutive coefficient invedl within the power-series relative to the nonlinea
parameters, even and odd parts can be isolateddaugdo the straightforward following relation sting
for Eq.4:

n n/2 n/2
A (X) =A + Z/‘i X = {/10 + Z/‘zm D(ZM} + [z/‘zm D(Zm} = Agen (X) + Apa (X) (43)
i1 i1 i1

Then, a most interesting point can be underlineddfartificially consider only the even part of bua
parameter. As regards the force fadBprand the former representation givenFig.12, zeroing the odd
coefficients withb;=bs;=bs=0 in Table II, entails the results depictedkig. 14

10Hz 1585 252 3981 63,11 158,49 251,19 3981 631 1585 2512 3981 6310 F [Hz]
40
30 31}62Hz “Y100Hz 316,23Hz 1000Hz 3162Hz | 10kHz
20 f ' \
— \ - ———
i e §f Direct perception Representation ! log(f) [:7
- ) E—
BT | 4| 1.6 1.8 4 \\ 22 24| 2.6 28 3 . 32 34| 36 3.8 4 4.2
20 166[Hz 258|Hz \ Whole Relative level of components 1, 2, 3, 4, 5, et
30 N e J46 Hz ‘ series in dB referred to the gravity
i g =S P S - - —
a0 | S ad hills ) [ Evenpart Evenneness imposed for Bl
S0 | & Lo IW o \"\5 | of the series Wole rejection of components 2, 4, et
0 I f ele'a.“'_;’hr“" N e et \‘ .. S -
70 | R ad \ iu"“*g‘\
-80 oted - o) REaTRN \\
-90 F e}e.(’ T y »* 3"& PR A N
-110 r,—‘" \ V\ % \. @
-120 - - N S {15} P :
130 i sctedl L ‘g& . Simulink with 5550 A palytic in
-140 Re! \ % Symbols EE dashed lines
-150 \ — | :
-160 ng Accelerati \ ‘1“»,. | . 25 .
cceleration . =S
-170 Apea = 2010 \ = .l S <
s = 2010 A I=100mA i ~
Y pa
190 \ \ | \ \ N - N
N R 3 AN -
10Hz 15,85 25,2 39,81 63,11 158,49 251,19 398,1 631 1585 2512 398 6310 F [Hz]

Fig. 14: Calculated behaviour of the harmonic compeents displayed according to their own
frequency in the case of an evened nonlinear fordéactor and a 100 mA driving current

Dashed line are the result of the analytic approatile same symbols as those used before are
representative of the numerical results. It is icfeam Fig.14 that the even components, 2, 4, and 6, (still
represented in dotted lines for the purpose of @impn), are totally rejected.
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Another most noticeable point concerns the abovéored 'Moot Extremum” point associated with the
second order discontinuity that was assigned tofiftte component. Then, zeroing the odd coefficgent
made this point disappear as a sharp discontinb@ing now replaced by a smoatiinimum. So as to
check upon it, other numerical computations (sfilerated with Simulirtk) were carried out for this point
together with an apt set of other ones closelynged around it: As a result, both analytic and migne
approaches brought evidence about this major changjee pattern of this component. Moreover, after
trying the respective effects of selectively zegoimefficientsh; andbs, the smoothing change proved to be
clearly attributed only tdo;. At this point, Fig.14 displayed without such a discontinuity makes claar
trough-like set ominima highlighted with a falling off dashed line.

Since in no way experimental measurements (ancciedlyethermal ones) are up to now available, we ca
only assume that the whole physical meaning coelgrobably explained by way of a minimum entropy
generation as the driven system with its electroratig energy storage properties generates its hraecmo
lines [16,17,18]. Then, thanks to the thermal krww of the laboratory this hypothesis will be
investigated in the future of this work.

9 CONCLUSION

This paper has presented a simple analytic appramiving to investigate on the harmonic distortimhn
electrodynamic loudspeakers. As a prominent adgansach an approach allows a quick representafion o
the components as regards analysis up to the difth The approach is concomitantly supported with
numerical computations carried out with a Simutimkodel. For the purpose of comparison the measured
parameters of a midrange generic transducer haste dfgosen. Although slight discrepancies may appear
the analytic approach proved to be valuable. Mogedvallows us to analyse the evenness propery of
given influence parameter, and an example has thseassed with the force factor. On the other hémal,
approach proved to be able to account for nonlipsaameters function of the speed of the diaphragm.
Then, as a prospective investigation a metrologaaplication is given as regards the drag force
measurement and any parameter relevant with it.

As a noticeable point we have also shown the isteie figure out the acceleration results linkedhte
entailed audio reproduction, as referred to theigraonstant. Moreover, by way of expanding thepthy
of each component to its real perceived frequeneyhave highlighted a specific characteristic amre
two observable distinataxima respectively occurring: for the first, at the matumechanical frequency of
the fundamental, and for the second one, showih@gtahe same value times the order of the consitier
component. We expect to provide an articulate extixa interpretation of such component patternthan
next coming future.
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APPENDIX

The transfer function from drive voltage to disgaent shows off a natural electrical damping on@he
factor of the system under operation. Then, dooast upon the efficiency of the current-drive pplace
most often based just on the lack of such natuaadging usually entailing an oversized Q that resast a
consequence [3,6]. In other words, low dampingdi@cassociated with current-drive are a cruciablenm

and are probably the major reason why current dsiwill not adopted by the industry. However geffve
solutions based on active and passive processingesisas driver and enclosure techniques may be
considered as an alternative to the natural fiigeiof current brought about by the motional impedan
Moreover, operative filtering schemes can be pHigpeperated (and even quite enhanced, insofar @s th
resonance drift may be compensated against terupeyat

As a fundamental requisite the Thévenin impedamen 9y the driver (due to the amplifier and passive
circuits) has to remain close to infinity (Nortoousce). Then, one has to discard any solution inrgl
circuit arms connected directly in parallel wittetdriver, that could untowardly lower the impedaita
given part of the spectrum.

A simple generic scheme is depictedFig.15 with a view to rejecting the mechanical resonawtde
subjecting the voltage to current conditioner tamptimized transconductance function.
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Non inverting convertor fitted with resonance compensation within the feedback loop

Fig. 15: Generic simple scheme allowing to rejeche mechanical resonance

For the purpose of basic experiments integratecep@amplifiers can be tested (TDPA 549 for instance).
As regardsFig.15, the transconductance ratio characterizing thevexder that feeds the transducer is
defined with:

o2+ R)IR,) () (44

B
Now, the nominal parameterEable 1l1) of the Morel EM 428 reference transducer can be considered so
as to adjust the components values. Then, resultigltaviours regarding impedances (network and

transducer) together with the transconductance eatiregard amplitude and phase shift curves gnietdd
in Fig. 16

@er and transducer impedances against frequ@ 10 Hz 100 Hz 1 kHz 10 kHz
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Fig. 16: Respective behaviours of the reference tnaducer and filtering network

Considering such a basic design, one has to aBp»stRg since the Rvalue acts on the whole spectral
behaviour aside from the resonance regime. More@ageregards the stability of the amplifieg, ias to be
kept with a quite low value witRg =1Q in the given example. As regarBig).16, a symmetric behaviour
can be observed with regard to the transducerlanélitering network. Component values are choseass
to get an electrical Q close to 0.45, allowing th@sompensate precisely for the transducer bebavio

As a result, while calibrating the input voltagetiwia 0.2Vrus level, the filtering efficiency can be
compared with two other cases as depictedign 17 illustrating the acceleration of the diaphragmiasfa
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frequency. Indeed the behaviour of a simple uméldedesign supplying a unity current is plottedbiack,
while the natural filtering characterizing a vokadrive (1\kws) is plotted in brown. As is shown by the red
curve representing the behaviour of the filterimgign, the system operates properly. As a mattémadf
any further filtering function (at high frequendiesan be easily compounded to such a system with a
classical feedforward scheme.

10 Hz 100 Hz 1 kHz 10 kHz
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Current-drive: 1A with filtering 7
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Fig. 17: Compared behaviours with fundamental schems (respectively unfiltered I-drive and V-drive
naturally filtered with the motional impedance of the Morel” EM 428)
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However, any industrial project should considerrafienal schemes out of such a mere theoreticateta
Indeed, due to its size (and cost) the abovemestigmductance 1(80mH) could not really be considered
with an air-cored copper device, but would reqeitber a ferrite coil structure or a virtual implation. In

this way, with the latter, temperature drift sedfgpensation solutions are under experiment in the
laboratory together with more sophisticated filtgrechemes.
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Figures captions

Fig. 1. Natural rejection of nonlinear components de to Eq.2 with an ideal current-drive policy

Fig. 2: Static changes measured for the force faatagainst displacement Klippel® testing bench

Fig. 3: Simulink® nonlinear numerical evolutive model for a currentdriven loudspeaker

Fig. 4: Behaviour of the first six harmonic lines acording to both analytic and Simulink® approaches
Fig. 5: Assessment of the solenoid effect

Fig. 6: Behaviour of the first five harmonic compormnts regarding nonlinear stiffness (with 100 mA)
Fig. 7: Behaviour of the first five harmonic linesregarding nonlinear stiffness (with 250 mA)

Fig. 8: Comparison between the relative effects afe second harmonic distortion lines

Fig. 9: Influence of the static pressure on the daforce part of thef,, coefficient

Fig. 10: Influence of the drag force through the tird and fifth components (P = 2 bar , | = 0.1A)
Fig. 11: Influence of the drag force through compoants 3 and 5, for a 2 bar static pressure (0.25A)

Fig. 12: Real behaviour of each harmonic componertisplayed according to their own frequency in
the case of a nonlinear force factor and a 100 mAri¢ing current

Fig. 13: Behaviour of each harmonic component dispyed according to its own frequency in the case
of a nonlinear stiffness parameter and a 100 mA dving current

Fig. 14: Calculated behaviour of the harmonic compeents displayed according to their own
frequency in the case of an evened nonlinear ford¢actor and a 100 mA driving current

Fig. 15: Generic simple scheme allowing to rejeché mechanical resonance
Fig. 16: Respective behaviours of the reference tnaducer and filtering network

Fig. 17: Compared behaviours with fundamental schess (respectively unfiltered I-drive and V-drive
naturally filtered with the motional impedance of the Morel” EM 428)

Tables captions

Table I: Coefficients values relative to the firsffifth powers of the displacement X

Table II: Force factor coefficients entailing the nvestigated nonlinear behaviour of the transducer
Table IIl: Theoretical and measured nominal parameers of the EM 428 reference transducer
Table IV: Acceleration reference values associate the fundamental (current 100 mA)

Table V : Inductance nonlinear coefficient values

Table VI: Nonlinear coefficient values for the suspnsion stiffness

Table VII: Level values of the fundamental line wih a 100 mA current driving

“%)9”

p-23/23



