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Performances and Design of Ironless

Loudspeaker Motor Structures

B. Merit, G. Lemarquand and V. Lemarquand

Abstract

This paper presents several kinds of structures of iroritesdspeaker motors. The proposed devices
go from simple structures, in terms of manufacturing precés structures in which the magnet rings
can be stacked, with different magnetization directionsadues. The structures are studied and compared
according to their created induction level and uniformityass the coil displacement range, which are
directly linked to the loudspeaker performances (forcaoidc The model used is the coulombian model
of magnets to calculate the magnetic field created, thexedtirthe calculations are analytical. The paper
shows that no structure is universal when it comes to thesloeaker design: some are well adapted to

micro displacements of the coil while other structures atapted to large displacements.

Index Terms

Permanent magnets, loudspeaker motor, loudspeaker pariice, motor design, analytical magnetic

field calculation, .

I. INTRODUCTION

OUDSPEAKERS are widespread devices and many objects ofailyrlives include one or more
L of them. They appeared a century ago and have of course evalla, but the sound reproduction
world is restlessly seeking improved loudspeakers witkebéttegrated cabinets. What is expected from a
loudspeaker? It should simply be powerful, accurate and swaller, lighter, with an increased acoustical
quality!
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The power is linked to the acoustical flow, thus to the prochfcthe axial displacement times the
section of the emissive surface. If this surface is dimiedgsland the power remains the same, then the
displacement of the moving part has to be increased. Inickdsdructures of electrodynamic loudspeakers,
the increase of this displacement often means the incrdasentinear effects and distortions.

Numerous studies of the loudspeakers highlight that thairlmearities have four major causes [1][2]:
the defects of the motor, the acoustical propagation, theoelastic behavior of the suspension, and the
vibrating modes of the emissive surface and of the moving péany solutions have been found in order
to reduce these imperfections or their effects. Especthltydrawbacks linked to the iron in the classical
motor structures have already been described (reluctane,fi&eddy currents) [3] and we presented a
concept to get rid of them: structures of ironless loudspeatotors [4]-[8].

The present paper goes further in this direction, desdagihiifferent types of existing structures of
ironless motors and comparing their performances. Pretamily we pay our attention on their ability
to create a uniform induction over the axial trajectory of &toil. When this induction is uniform, the
force that makes the coil oscillate, and consequently tlilesapport and the membrane, does not depend
on the position of the coil anymore. Then all the non-lingéasidue to the motor are suppressed in such
ironless loudspeakers.

In the same way, we evaluate structures on the space they esgeerially in the axial direction of the
loudspeaker. The more reduced the structure height is,ltisercthe coil can be to the cone diaphragm

and the shorter the moving part can be: this is an advantatgrims of vibration modes.

II. CONSIDERATIONS FOR THE STUDY

The way the structures are presented in the following stiadyng into account the various geometrical
possibilities, is consistent with the way electrical mads are presented by Wang [9]. Many solutions
have been imagined and studied to create homogeneous fietdgsied cavities or open spaces and we
meet here the same problematic [10]-[14]. Some of thesetsties were also applied to other purposes
in electrical machines [15]-[17]. The reasoning used tmeisse magnets to create the intended magnetic
field is the important and common point.

The structures presented are ring-shaped with rectangelgions. Then, the important point is to
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calculate the magnetic field created by such magnets or nagsembly. The model chosen for the
magnets is the coulombian one, which uses fictitious suréanck volume charge densities to represent
the magnet and thus to calculate the field they create in theesim and out of the magnet [18]-[25]. It
has to be noted that the formulations obtained for the thoeeponents of the field are totally analytical.
This enables easy optimization of the parameters of a streicbnce a criterion is chosen.

Two kinds of applications are considered: the high frequdaadspeakers, for which the needed coil
displacements are small, and the low frequency loudspsakiich need large coil displacements. Typi-
cally, high frequency loudspeakers require peak-to-pedlkdisplacements smaller thamnmm (tweeters)
or reaching3mm (high medium loudspeakers); lower frequency loudspeagansrequire peak-to-peak
coil displacements of0mm (bass medium loudspeakers) and even larger ftamn (woofers).

The reference model usually describing the functioningooflspeakers uses the Thiele&Small param-
eters (lumped parameterRBe, Le, B,l, Mms, Rms, and Kms. This useful model leads to a linear and
stationary system of two differential equations:

Re.i(t) + Le®™®) 4 B, 1928 = y(t)

1)

Mms dzgt) + Rmsdzd—(tt) + Kms.z(t) = B,l.i(t)

However it is known that loudspeakers are highly nonlinearicks [26]. And the dependence of the
force factorB, ! on the displacement(t) of the coil is among the major sources of non-linearitied.[27
This B,.[ product, withB,. the radial induction flowing through the coil of lengthdetermines not only

the driving forceB,l.i(t) for a given current(¢), but also an electrical damping,... d(tt) = B.l(t)

of the loudspeaker connected to an amplifier with low impedaputput. Thus, variation aB,.l versus
displacement will produce two nonlinear terms in the déferal equations. In both terms, time signals
are multiplied. This multiplication produces new spectramponents in the output signal measured and
eared as harmonic and intermodulation distortions. Fi§[2&] shows how critical is the non-linearity due
to the force factorB, [, leading to a distorted signal with high amplitudes of thenl@nic components.

A symmetrical variation ofB,.l around the rest position of the coil leads to odd-order distas; an
asymmetry leads to even-order distortions and cad@#sof intermodulation distortions in a loudspeaker

[29].
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Re | 5.85Q | Le | 0.856 mH| Bl 9.04 T.m Sd | 120.8 cni
Mms | 15.3g || Rms | 3.1 kg.s! | Kms | 5555.6 kg.s2 || fs 96 Hz

TABLE |
THIELE& SMALL PARAMETERS OF THE MEASURED AND MODELED LOUDSPEAKER

Force factor BI (T.m)
o

z (mm)

Fig. 1. Displacement-varying force facté! measured on the modeled loudspeaker (continuous line)temdoidel (dashed line).

A. Definition of a linearity criterion related to the forcedtmr

1) Quantification of the distortions induced by a non-unifidiorce factor:

In this section, the simple linear model given by the systdmi¢ considered. In this system, a
displacement-varying model of the force factor is introgliin order to visualize its effect on the calculated
pressure response of a related loudspeaker. The consillenped parameters are those of a classical
loudspeaker whose force factor has been measured. Tableed tiese parameters, used to solve the
system (1).

The value of the force factaB,.l given by Table | is only available at the rest position of tléce-coil
of the loudspeaker. In reality, the force factor dependshmndisplacement of the voice-coil, and this
variation is not symmetrical with the rest position, ize= 0, of the voice-coil (continuous line in Fig.1).
Its model of dependence is found usingt order polynomial function. It well fits the values of the
force factor across the entire displacement range of thésjpeaker, as well as its derivative (dashed line
in Fig.1)

This model of dependence on the displacement is introdutete system (1). The solving of this

system in the time domain allows the calculation of the dispimentz(¢) of the voice-coil and of the
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Fig. 2. a. Measured sound-pressure spectrum of the loukkspsapplied with &V sinusoidal voltage at3H z and b. calculated
sound-pressure spectrum of the nonlinear model in responge same excitation signal.

electric current(t) running through the voice-coil. These later variables aeduo estimate the pressure
response of the loudspeaker, in time and frequency domains.

The sound-pressure spectrum of the loudspeaker in resporesgl” sinusoidal voltage ad3H > has
been measured (Fig.2.a). This response is compared witkalcelated spectrum thanks to the model
(Fig.2.b). Despite this simple model only takes into acedha nonlinearities created by the force factor,
it well fits the real sound-pressure spectrum of the loudsgredhe levels of the created harmonics are
quite corresponding, even if even-order harmonics arednighthe model than in reality. Thus, this model
can be used to understand the contribution of a non-unifamteffactor on the distorted response of a
loudspeaker.

Fig.3 shows the time response of the voice-coil displaceéneethe previous excitation. The maximal
reached displacement is only2mm while the voice-coil can move with &4mm displacement. To
clearly see the effects of a non-uniform force factor, theitation voltage is increased until the maximal
displacement igimm. When the frequency is chosen equaklB¥ z, the 4mm displacement is obtained
with a 16V excitation voltage. Fig.4 shows the calculated time respsrof the voice-coil displacement
and of the current intensity to this increased excitatidre fime signals are clearly distorted, and obviously
lead to distortions in the frequency domain (see Fig.5)sTigure 4 points out another problem related
to a non-uniform force factor: the loudspeaker consumesenearrent but its voice-coil displaces less

than in the linear case, which is the proof of a waste of energy



104

105

106

107

108

109

110

111

112

113

0.0010 7

0.0005 |

I
1.04

- 0.0005

- 0.0010F

-0.0015C

Fig. 3. Time variations of the voice-coil displacement isgense to &V sinusoidal voltage at3H z, calculated with the linear
model (dashed line) and with the model including displacervarying force factor (continuous line).
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Fig. 4. Time variations a. of the current running through to&ce-coil and b. of the voice-coil displacement, in resgono a
16V sinusoidal voltage at3H z, calculated with the linear model (dashed line) and withrttalel including displacement-varying
force factor (continuous line).

Fig.5 is aimed to point out the harmonic and intermodulatigstortions created by the loudspeaker
whose force factor still varies like in Fig.1. Thus, the ¢ation signal is a two-tone excitation voltage:
a 16V one at43H z, to obtain thedmm displacement of the voice-coil, and2al” one at the arbitrary
chosen frequenc§y00H z.

When the voice-coil displaces across its entire displacémange, high harmonic distortion and
intermodulation distortions are produced, because of thplatement-varying force factor. The higher
harmonic component at29H z is only 18dB lower than the fundamental @B H z, and 13dB lower
than the fundamental @&00H z. The higher intermodulation component4t4 H z is only 19dB lower
than the fundamental &00H > and 24dB lower than the fundamental @B H z. With only two tones,

the non-uniform force factoB,.l induces a lot of distortions, most of them being potentiallidible or
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(FngVS) Sound-pressure spectrum of the nonlinear loudgpeakdel to a two-tone excitation voltage4tH z (161) and 500H z
disturbing for some applications [30],[31]. These effeats reinforced when talking about low frequency
drivers, for which the displacements of the voice-coil aamé, and for which the design of the motor
becomes very difficult. But the distortions caused by a nioifieun force factor are also discussed in high
frequency drivers [32].

These are the reasons why it is important to search for l@alsy motors able to induce force
factors B,.l that do not depend on the displacement of the coil. The fiegp $0 the decrease of the
nonlinearities due to the force factor can be to make its dégece on the displacement symmetrical
with the rest position of the voice-coil. Thus, from the measl force factor, a model of force factor wih
symmetrical dependence on the displacement wesgatimetrical-made force factas obtained (Fig.6).
This symmetrical-made force factor hasi&lt maximal peak-peak variation acrosstdmm range. As
expected, Fig.7 shows that each even-order harmonic coampas removed. In classical loudspeaker
motors, making a symmetrical force factor is very difficuttmeans creating a symmetrical magnetic
induction in the airgap around the rest position of the vao#. The presence of iron makes this operation
very difficult, and designers use tricks to evade this pnob]d3].

When the magnetic circuit is only made of magnets, the symnoéthe force factor is simply obtained
thanks to the symmetry of the magnets disposition. In theelegre consider that the modeled loudspeaker
creates a symmetrical magnetic induction in the airgap.tddysthe influence of the variation percentage
of the force factor on the creation of distortions, we makenitaximal variation vary from8% (Fig.6

and Fig.7) to1l% across at4mm range. In Fig.8, the measured symmetrical-made force rfadtohe
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Fig. 7. Sound-pressure spectrum of the nonlinear loudgpeakdel with the symmetrical-made force factor to a tweetercitation
voltage at43Hz (16V) and500H z (20V).

real loudspeaker (thick line) has48% peak-peak variation, and is made even more uniform ufil
peak-peak variation.

Fig.9 to Fig.13 show the sound-pressure spectra of the raddi@lidspeaker whose force factor maximal
variation goes respectively froB0% to 1%, in response to a two-tone excitation voltage.

From 30% to 1%, the improvement in the reduction of the harmonic and intetafation components
is as much logical than necessary. When B¢ maximum variation reaches%, the higher harmonic
and intermodulation components &di@/B lower than the fundamental components. The intermodulatio
components are known to be more disturbing than the harmmomcponents, as much in the signal
generated by the loudspeaker [34]-[36] than in the audiieetric signal created by the ear itself [37].

That is why it is important to decrease these components a$ rasl possible. Thus, searching for an
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Fig. 9. Sound-pressure spectrum of the nonlinear loudspealodel whose force factor has a maximal variation36% in
response to a two-tone excitation voltageta# z (161") and 500H z (20V).
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Fig. 10. Sound-pressure spectrum of the nonlinear louttspeaodel whose force factor has a maximal variation26% in
response to a two-tone excitation voltageta# z (161") and 500H z (20V).
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response to a two-tone excitation voltageta# z (161") and 500H z (20V).
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accurate loudspeaker motor is searching for a perfectfipumiforce factor, whose maximal variation is
0% along the displacement range of the voice-coil. The comgsran the dimensioning of a traditional
magnetic circuit imply that the designers would be largeliisfied with a variation o1 %, given the low

levels of the intermodulation components.

2) Definition of the linearity criterionz,,;:

The best way to the ided%-variation force factoris to search for a symmetrical ironless motor
structure, which is able to create a magnetic field whoseatadimponent is very uniform along the
trajectory of the coil. Ideally, for an accurate and spaaérg) loudspeaker motor, a magnetic structure
should create a perfectly uniform induction - i.e. wit$t variation - across a distance as large as the total
heigth of the structure. This ideal structure is not reigliahd we present in this paper existing structures
that may approach the ideal case by optimizing their charistics and by suffering 4% peak-to-peak
variation. It is not necessary to reach smaller variatidvas i %: on the one hand the magnetization of
the currently available magnets is not really uniform its&hd on the other hand, especially in the case
of underhung loudspeakers, the force that makes the voitesrillate is related to the mean value of the
magnetic induction over the coil height (the coil heighthe taxial length of the coil). Therefore, if the
induction variation across a range of displacement thatésts us does not exce&d, then the maximal
force factor variation may not exceééh. We have seen in the previous section that such a displademen
varying force factor is acceptable when looking at the lefethe intermodulation components. That is
why we consider that an induction with 1& peak-to-peak maximal variation is sufficient to design an
acceptable loudspeaker motor.

Thus, for the study, let us consider a parameter wezggll. Given a structure, this parameter represents
the axial distance across which the created magnetic ifuseen by the coil has a peak-to-peak variation
smaller thanl%. Thus, across this distance, the induction and then the flator are considered uniform.
In classical loudspeakers, tli%./ variation and the induction variation easily excd®f across a distance
that corresponds to the trajectory of the coil; that is wign#icant nonlinear effects are produced and it
is important to search for structures that lead to more amifnduction.

In the considered applications, the coil moves in a directi@z, parallel to the revolution axis of
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Revolution
axis

Suspension

Cone diaphragm

Sets of |
magnet ring(s)

Fig. 14. General composition of an ironless loudspeakeae Hee magnet structure is made with two sets of one magngt rin

the loudspeaker (see Fig.14): the induction has to be unifdong this directionOz is the observation
axis, placed in the airgap at a location that correspondeeartean value of the coil thickness (the coil

thickness is the radial length of the coil).

[1l. SMALL DISPLACEMENTS LOUDSPEAKERS

The coil of a loudspeaker generally moves with small amgégiat high frequencies. The following
sections present the structures which are well adaptedesetdisplacements. As the devices are often
intended to be small themselves [38], we consider strustwith only one outer set of magnet ring(s) and
an inner coil (see Fig.15). The origit of the observation axi®z corresponds to the center of the caoill
when this latter is in its equilibrium position. The indwariis observed at a radial distanc = 0.3mm
from the magnet ring(s). We compare structures that haveoajppately the same magnet volume with

regard to their ability to create a uniform induction.

A. Two axially magnetized permanent magnets: the simplesttare

StructureA of Fig.15 shows an ironless structure constituted by twalBximagnetized rings. These
rings are concentric, placed one above the other, and dedavdath an airgap of thickness. Their
respective magnetization are in repulsion -the facing pale of the same kind-. The coil is centered in
front of the airgape and the magnetic flux in the coil is then expected to be radial.

This kind of structure has been patented by the Harman gd&@}L. The main advantage of this structure
is its simple manufacturing process, because it only regualassical axially magnetized permanent

magnets.
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Fig. 15. Ironless motor structures for small displacemente coil is located on the observation axkx and has an oscillating
movement centered on ttiepoint.

A: two axially magnetized rings

B: one radially magnetized ring

C: one radially magnetized ring and two axially magnetized)s

D: three radially magnetized rings
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Fig. 16. Radial magnetic inductiod3, (T), along the observation axis at a distang€ = 0.3mm, created by the structurd
for H = 4.5mm, L = 9mm and for various values of the distance between the magmets, top to bottom ¢ = 1mm (bold
line), 3mm, 5mm, 7mm and 9mm (dashed line).

Fig.16 shows the global induction behavior when the magaetsate. The induction intensity and the
possible linear coil displacement,,,; decrease whena decreases. For example, when the magnets are
close to each other (see the solid bold line in Fig.16), tdedtion is intense (up t0.67") but the distance
zuni 1S SO small that it is not convenient to represent it on theseur

Thus, this structure is simple but, to prevent nonlinearnpingena, it should only be dedicated to

tweeters for which the needed coil displacements are small.

B. One permanent magnet ring radially magnetized.

Let us consider the structu of Fig.15. It is constituted by one ring facing the movinglctdeally
the ring is made in a radially magnetized permanent magoetaSimpler design, it can also be made up
of permanent magnet tiles - the same that are used in ekdatn@chines- which are radially magnetized.

Previous studies [5] on the induction created by a rectamgublgnet show that a good combination
between its dimensions can always lead to a quite uniforradtidn in front of the magnets. In the best
case, the axial distancg,,,; is about60% of the considered magnet height.

Fig.17 shows that, for a given length, the induction can bigegeonstant over an axial range if the

magnet height is sufficient (dot-dashed line in Fig.17).sTiigure can also be interpreted alternately: it



205

206

207

208

209

210

211

212

213

214

215

216

15

—— 1 Zuni

Fig. 17. Radial magnetic inductiod3, (T), along the observation axis at a distange® = 0.3mm, created by the structurB for
L = 9mm and for various values of the heightf = 1mm (bold line), then from top to bottont! = 3mm, 5mm, 7mm, 9mm
(dot-dashed line) andl = 18mm (dashed line).

shows that small height magnets produce an important if@uctver short axial areas (see bold line in
Fig.17). This localized action will be useful in furthersttures.

A structure B of 9mm long and9mm high is now compared to the structure proposed in the
previous section: the magnet volume is the same in bothtetes: For the structur®, the induction is
uniform over a range of-2.7mm along theOz axis around the middle of the magnet with a variation
of 1% - S0 zun; = 5.4mm -. The induction intensity in front of the middle of the magme0.337" with
a magnet magnetization afl’ and with a magnet section &filmmm?. The behavior difference compared
to the structured is obvious: the induction level is smaller but is uniform peesignificant range. If
the length of the magnet decreases, the uniformity distapgedecreasesz,,,; equals abouttmm for
a Tmm length, andl.6mm for a 5mm length. We conclude that the magnet length cannot go below a
given value when the variation has to remain to one perceamaéller, the magnet will not be well used.

In fact, the setL = H = 9mm is the optimum in this case.
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Fig. 18. Radial magnetic inductior3,- (T), along the observation axis at a distang€ = 0.3mm, created by the structur€
(bold line) with its central magnet withf = 5mm, L = 8mm, J = 1T (full line) and its two external magnets with = 2mm,
Il = 8mm, j = 1T (dashed line).

C. Combination of magnet rings

The Sony society patented the structdreof Fig.15 [40]. It is constituted by a stack of three magnet
rings of equal length. It is notable that such stacked strestwere proposed to enhance the performances
of other applications such as passive magnetic bearingsTh# central ring is radially magnetized while
the external rings are axially magnetized and their magatitin directions help the total magnetic flux
to close. According to the patent, the three magnetizatidtise central ring,/, and of the external ones,
j, are equal.

Let us consider the dimensions of the structure given in titerd: H = 5mm, h = 2mm, L = 8mm,
with a magnetization of 7. Fig.18 shows the induction calculated along the obsemakis created by
the whole structure (bold line) and by the separated elesndifitis induction is not really uniform. Its
central value i9).57. The induction variation along th@z axis over a range corresponding to the height
of the central magnet represeni$’% of the central value. Because of this significant variatiop,; is
only 1.28mm, that is14% of the total height of the structure. Note that the induct@miation is10%
across the distance df2mm that separates the two maxima of this induction.

The structure”, which is11% more compact than the previous optimal structBreproduces a more
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Fig. 19. Radial magnetic inductior3,- (T), along the observation axis at a distang& = 0.3mm, created by the structur€@
as patented (dotted line) and by the structGravith lowered magnetizations (bold line); this structuresis central magnet with
L = 8mm, H =5mm andJ = 1T (full line) and two external magnets with= 8mm, h = 2mm andj = 0.527 (dashed
line).

intense induction but with a larger induction variation.€Tihduction increases B4% while the distance
zuni decreases by6% compared to the optimal stuctufe .

The principal advantage of the structureis then its ability to create really high induction levelsiigh
using relatively small magnet volumes. Despite its induttiariation, the structur€ has on this point a
substantial lead over the structusle Nevertheless, because of its smal},;, and taking into account the
behavior of its created induction, we conclude that thecstine C' should be used for tweeters or high
medium loudspeakers only.

In addition, Fig.19 shows that the total induction creatgditie structureC' can be more uniform if
the magnetization of the external rings is smaller than thgmetization of the central ring. Fig.18 shows
the contribution of each ring to the total induction and esgéy that the external rings (see dashed line
in Fig.18) provide a really high magnetic induction compghte the induction provided by the central
ring. Fig.19 shows the result when the external magnetimatare lowered t0.527. In this casez,,;
equals2.1mm, and the induction variation i$.8% across the3.4mm distance that separates the two
maxima of this induction. The uniformity improvement is miiicant but leads to 8% decrease of the

total induction.
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Fig. 20. Radial magnetic inductior;- (T), along the observation axis at a distarg€ = 0.3mm, created by the structur®
(bold line) with its central magnet witltl = 5mm, L = 9mm, J = 1T (full line) and its two external magnets with = 2mm,
Il =9mm, j = 1.017T (dashed line).

D. Several magnetizations

The structureD of Fig.15 goes further in the idea of using magnets whose etégations differ in
order to give the intended flat shape to the observed inductiike the structure”, it is constituted by
one set of three stacked magnet rings, but their magnetimtire all radial. The purpose of the induction
created by the external rings is to compensate the bell sbige induction created by the central ring.
This is achieved by combining the higher magnetization ef élternal rings and their small height to
use their very localized action (as described in Fig.17).

Fig.20 shows the contribution of each ring and the resultwtgl induction (bold line). The set of
dimensions is chosen in order to have the same magnet seatidhe one of the previous optimal
structureB (81mm?). The resulting induction has a,,,; of 6.4mm, which represent§7% of the total
height of the structure. In fact,,,,; is larger than the height of the central magnet because ithetste is
calculated in order to create the most uniform possible dtidn across the height of the central magnet;
acrossH, the induction variation is onl{.1%.

In this case, the performance difference between bothtsreseB and D is not significant, but it is

important to note that the structure can be optimized. Indeed, the distangg; can always correspond
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Fig. 21. Radial magnetic inductio3,- (T), along the observation axis at a distang& = 0.3mm, created by the structur®
(bold line) with its central magnet withl = 5.2mm, L = 7mm, J = 1T (full line) and its two external magnets with= 1mm,
I = 8.5mm, j = 1.09T (dashed line).

to the dimensiorf, so the starting point of the optimization is facilitated thys occurence: the intended
zuns fixes the height of the central ring. The other dimensionsraadnetizations are calculated in order
to optimize the volume of the whole structure and the uniityrand the intensity of the magnetic field.

The previous geometry has been optimized in order to obtainnduction of equal intensity and
having about the same,,,; of 5.4mm. The optimal dimensions we find correspond to a more space-
saving structure whose total heighti2mm. The total section of this structur® is 53.4mm? (34%
decrease compared to the previous section). The createdtiod reache$.337 and the distance,,,;
is 5.4mm (see Fig.21).

The structureD is now compared to the structurg: the magnet volume is kept constant for both
structures (Fig.22). The dimensioH = 4mm of the structureD is arbitrary chosen so that,,;
approximately corresponds to the distance between the taxinma of the induction created by the
structureC.

While the total height of the structur® is 7mm, that is2mm less than the structur@, z,,; equals
4.2mm. This represents a significant improvement compared to istartez,,,,; of 1.28mm obtained

with the structureC.
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Fig. 22. Radial magnetic inductior;- (T), along the observation axis at a distarg€ = 0.3mm, created by the structur®
(bold line) with its central magnet witl = 4mm, L = 10.5mm, J = 1T and its two external magnets with = 1.5mm,
I = 10mm, j = 1.05T, and by the structur€' as patented (dashed line).

The induction created by the structufereache«).377', which represents a7% decrease compared
to the induction created by the structute Of course, the volume of the structuf® can be optimized.
But, whatever the configuration is, it is not possible to reaa induction as intense as the one created
by the structure” without using big magnets. The reason is that the externgkrof the structuré are
strictly compensation rings.

As a result, the structureB, with several magnetizations, lead to very compact devibat have a
very uniform induction over a range that can be chosen. THewdhe miniaturization of the device as
well as a linear functioning, since a small coil easily remsain a uniform induction. The structur®@
and the structuré3 are well adapted to small displacements loudspeakerstHautks to their large,,;,

they are not limited to these loudspeakers.

IV. LARGE DISPLACEMENTS LOUDSPEAKERS

When fed with low frequencies, the coil of a loudspeaker nsowéh large amplitudes. So, the motor
has to have good performances for large coil displacem&htsrequirements are more demanding than in
the previous structures, since nonlinear effects increagelarge displacements. The ironless structures

which are well adapted to these requirements, that is dispiants larger tha20mm, are presented in the
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Fig. 23. Ironless motor structures for large displacement® coil has an axial oscillating movement centered on thet ).
BB: two radially magnetized rings
DD: two sets of three radially magnetized rings

following section. Given the conclusions of the first parhcerning small displacements, and according
to our calculations, the only structures that are well agldid large and linear displacements are those
inspired from the structure® and D, as shown on Fig.23. Structures inspired from the strusture

et C' cannot be adapted for large displacements. Indeed thdyarialgnetized rings do not have effect
anymore on the total induction when these two rings are todréen each other.

Hence, this section considers motor structures which arsstitoted by two sets of magnet ring(s)
separated by an airgap where the moving coil is located. daene or two sets of ring(s) does not
change the behavior of the device, especially the unifgriitthe field. However the induction intensity
is increased. The calculation method is the same, as theisygmsition theorem applies. The induction

is calculated at a radial distanag2 = 2mm from the magnets.
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Fig. 24. Radial magnetic inductior3,- (T), along the observation axis at a distance- 2mm, created by the structurBB for
H = 40mm and for various values of the length, from bottom to tdp= 6mm (bold line), 16mm, 26mm (dot-dashed line),
and 36mm, and by the nearest face from the coil (dashed line).

2 A. Two permanent magnet rings radially magnetized.

303 Let us consider the structui@B of Fig.23. This structure derives from the structi#eOf course the
s« behavior of this structure is the same as the one of the atei@@ presented for small displacements.
s Fig.24 illustrates the dimensioning of the device for ladigplacements.

306 For an arbitrary chosen magnet height46fnm, and a length oR6mm, the induction is uniform over
7 arange oft:12.5mm along theOz axis around the poin® with a variation of1%: z..; = 25mm, which

s represent$3% of the height of the structure. The induction reacheglT in front of the middle of the
w0 rings for a magnet magnetization oT". The section of one magnet ring i8.4cm?. Note that the length

a0 L = 26mm is the optimal length for this configuration: with other l¢ing} z,.,,; decreases.

su  B. Several magnetizations.

312 As it is natural to try to improve the performance of a devibe, structureD D of Fig.23 is considered
sz Now. It is derived from the structur® by concentrically placing two sets of three radially magdrest
a4 rings. Its behavior is the same as described in section .lll-D

315 The previous structur® B of 40mm high and26mm long is compared with the structuieD. First,

us  the magnet volume is kept constant for both structures Zb)g.The chosen parameters for the structure
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Fig. 25. Radial magnetic inductior3,- (T), along the observation axis at a distance= 2mm, created by the structur® D
(bold line) with its central rings withH = 25mm, L = 30mm, J = 1T and its four external rings with = 6mm, [ = 24mm,
j = 1.07T, and by the structurd3B with H = 40mm, L = 26mm, J = 1T (dashed line).

DD are: H = 25mm, L = 30mm and J = 17 for the central rings, and = 6mm, | = 24mm, and
j = 1.07T for the external rings. With a smaller height, then with egéarlength, the structur®D
provides a more constant induction that reach&87. This is 7.5% higher than the induction intensity
reached by the structurBB. z.,; is larger than25mm: it representsi1% of the total height of the
structure. Thus, this structu@D is more competitve but it is important to note that its exaétnings
need a magnetization= 1.077".

The geometry of the structud@ D is now optimized in order to reduce its volume. The new patarse
for the structure areH = 25mm, L = 25mm and J = 1T for the central rings, and = 5mm,
Il = 20mm, and j = 1.097 for the external rings. Fig.26 compares this structir® to the same
previous structureBB. The created induction reach8s57 and z,,; is still larger than25mm. The
total magnet section of one set of the structi?® equals8.25cm?. This represents a1% decrease
compared to the structurBB. While the total volume of the structu@ D is considerably reduced, its
created induction is similar to the induction created bygtractureBB, as much for its intensity as for
its uniformity.

As for small displacements, the methodology for dimensigrthe structureD D is rather simple: the

maximal displacement of the coil gives the height of the @nings, if the induction is intended to be
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Fig. 26. Radial magnetic inductior3;,- (T), along the observation axis at a distance= 2mm, created by the structur® D
(bold line) with its central rings withtH = 25mm, L = 25mm, J = 1T and its four external rings witth = 5mm, | = 20mm,
7 =1.09T, and by the structurd3B with H = 40mm, L = 26mm, J = 1T (dashed line).

uniform over the whole displacement. Even in the case ofelatigplacements, the optimization of the

structure volume leads to compact devices that create v@fgrm inductions.

V. CONCLUSION

This paper presents several kinds of ironless structurksidspeakers. The principal point of compari-
son between them is their ability to create a uniform inductBased on this point, their study distinguishes
the structures dedicated to small coil displacements aadities that can also be dedicated to large coil
displacements. While structures and C' should only be integrated in high frequency loudspeakers, i
appears that structurds and D are more universal: their dimensions can be adjusted tespond to
small displacements (structurésand D) as well as large displacements (structu8 and D D).

Then, compromises are to be done between the difficulties anufacturing the structure, its total
magnet volume and of course the intensity and the uniforofifys created induction. The structurkis
the simplest structure to realize. But the technologiesasadement makes radial magnetizations become
more and more common, so that structuf&sC' and D are easy to realize. The volume of the magnet
structure is an obstruction criterion as well as a priceedih; the structureD well answers to both

criterions. For efficient loudspeakers, the important p@rthe intensity of the induction. Both structures
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us A andC create intense inductions in their reduced applicationaonBut the important point to obtain

xs  a good sound quality is to have a uniform induction over thelexcursion range of the coil. Whatever

s the range is, structureB and D, and thenBB and DD, permit to obtain more accurate loudspeakers.
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