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Abstract

This paper presents a study case which leads to a significant decrease of current distortion caused by the magnetic

circuit of the loudspeaker: the solution consists in removing all of the nonlinear soft-iron pieces that are used in

traditional loudspeaker motors. Thus, in the loudspeaker motors we study, the static magnetic field is only created

thanks to a combination of permanent magnets. This combination leads to the realization of the so-called magnet-only

loudspeakers. Two loudspeakers are compared in the study: the first sample is a mass-produced 6.5 inch loudspeaker.

The second sample is built replacing the magnetic circuit of the first loudspeaker by the magnet-only structure. Thus,

the moving part, including the voice-coil, the diaphragm and the suspensions, is kept identical for both samples,

leading to a comparison of both loudspeakers only based on their motor. The loudspeaker with the magnet-only

motor shows significantly lower current distortion than the original loudspeaker. A possible explanation of such a

decrease of distortion is given, based on results of a set of measurements with blocked voice-coil.

The archived file is not the final published version of the article B. Merit & A. Novak (2015), ”Magnet-Only Loudspeaker

Magnetic Circuits: A Solution for Significantly Lower Current Distortion”, Journal of the Audio Engineering Society. Vol.
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1. INTRODUCTION

The basic structure of electrodynamic loudspeaker motors has remained unchanged for almost 100 years. Most

are still made of a permanent magnet or electromagnet and iron pole pieces (top plate and T-yoke) to canalize

the magnetic flux B into the air-gap where the voice-coil moves. The basic principle of the electro-mechanical

conversion realized by this loudspeaker motor when fed with the voltage signal u(t) can be described using the

following linear equation [1, 2, 3, 4, 5]

u(t) = Re · i(t) + Le
di(t)

dt
+Bl · dx(t)

dt
, (1)

where Re is the voice-coil resistance, Le is the voice-coil inductance and Bl is the force factor, if l is the lenght of the

voice-coil immersed in the magnetic flux B. The interaction between the electrical current i(t) running through the

voice-coil and the magnetic flux B creates a force F (t) = Bli(t) that causes the displacement x(t) of the voice-coil.

However, a real loudspeaker motor is far from the ideal one described by the linear equations. Due to the

inherent behavior of a classical electromagnetic motor, electrical current running through the voice-coil can be

distorted, yielding audible degradation of the output acoustical signal generated by the loudspeaker. Regarding

the motor part, this distortion is usually supposed to be caused only by variations of the force factor Bl and the

inductance Le due to both the current running through the voice-coil and the displacement of this latter [6].

There exists many solutions to decrease the distortion caused by the loudspeaker motor. Some solutions are

based on current feedback [7, 8], linearizing the current. Others modify directly the structure of the motor in such

a way that they limit the eddy currents in the pole pieces ; a solution based on a fixed copper cylinder in the air

gap, patented in [9], has shown its ability to decrease the current distortion by a factor of 10 [10]. A different

structure based on iron-nickel alloys rings has shown a similar decrease of distortion [11]. The use of shorting rings

is now the most common way of controlling the voice-coil inductance to reduce the nonlinearities of a loudspeaker

[12, 13, 14, 15]. A slightly different solution using steel pole pieces tipped with a polymer-based magnetic-powder

composite lead to a 10 to 15dB attenuation of the third-harmonic [16].

A few years ago, a new concept of magnet-only loudspeaker, also called ”ironless loudspeaker”, has been proposed

to decrease the non-linearities of the loudspeaker motors. Such loudspeakers are called magnet-only because their

magnetic circuit is totally made of rare-earth permanent magnets, such as NdFeB magnets. The elimination of iron

from transducer motors is first presented in patent [17] and next can be found in [18, 19, 20, 21]. Advantages of such

ironless structures have been shortly highlighted in [22] and [23]. More recently, Remy [24] presented loudspeaker

distortions reduction through the use of bonded magnet motors.

It has already been shown in [23, 25] that magnet-only magnetic circuits can lead to constant force factors

whatever the displacements of the voice-coil, improving the linearity of the transducer. But, at high frequencies,

corresponding to small displacements, and for low levels of supplying current, the often put forward displacement-

and current-dependencies of the force factor and of the inductance fail to explain the observed decrease of distortion.

In this paper, we try to associate the decrease of current distortion with a decrease of variation of electrical

parameters measured when the voice-coil is mechanically blocked (blocked parameters).

Thus, the aim of this paper is twofold. First, it shows that a magnet-only loudspeaker can significantly improve

the motor linearity. Second, it clarifies how much a decrease of current distortion can be associated with a decrease

of the variations of the loudspeaker motors blocked parameters. With this aim in view, the usually put forward

qualitative advantages of magnet-only motors are pointed out. Then, we introduce the concept of apparent resistance

Re and apparent inductance Le and we present a set of measurements drawing the combined frequency-dependencies

of apparent blocked parameters with displacement-dependence and with current level-dependence.

The measurements are applied for a comparison between two versions of a mass-produced loudspeaker. The first

version is made of a classical magnetic circuit with soft-iron pieces. The second version is the same loudspeaker
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whose magnetic circuit has been replaced by a magnet-only one, inspired from structures presented in [26]. Thus,

contrary to preceding works on magnet-only loudspeakers [20] - [26], such an experiment allows us to keep the moving

part including the voice-coil and the suspensions identical for both loudspeakers leading to a fair comparison of

both motors.

2. WHY USE MAGNET-ONLY MOTORS : THEORETICAL BACKGROUND

2.1 Dependence of inductance on current intensity

The inductance of a voice-coil in a conventional iron-using loudspeaker motor depends nonlinearly on the current

running through the voice-coil. This represents a source of distortion in loudspeakers [6]. In a linear approximation,

the inductance of a coil is considered to be proportional to the mean permeability µ of the material the coil magnetic

flux flows through [28, 29]. The permeability of a material is given directly by the slope of its BH-curve, which draws

the level of magnetic induction B in the material as a function of magnetic excitation H. When a time-varying

magnetic excitation H(t) is imposed to a material, the time varying permeability µ(t) must be considered; it is

defined then by the local slope of the BH-curve at time t.

In a loudspeaker, the magnetic flux of the voice-coil can flow through air, iron pieces and permanent magnet. If

a time-varying current i(t) runs through the voice-coil, it creates a time-varying magnetic excitation H(t), that is

added to the static magnetic excitation imposed by the permanent magnet.

• The BH-curve of air is a straight line whose slope µ0 = 4π.10−7H.m−1 is the permeability of air, independent

of the magnetic excitation Ha(t). No matter how much magnetic excitation varies in air, its permeability

remains the same.

• Similarly, the BH-curve of actual rare-earth NdFeB magnets is a very large hysteresis loop whose dynamic

relation between magnetic induction Bm(t) and magnetic excitation Hm(t) remains linear for a very large

region of H [27]:

Bm(t) = J + µmHm(t), (2)

where J is the residual induction and µm ≈ µ0 is the permeability of the rare-earth permanent magnets.

• BH-curve of iron is highly hysteretic, and the working point imposed by the magnet is mostly close to the

saturation of iron ; around this working point, the local variations of BH-curve imposed by the voice-coil are

also hysteretic [11]. This is why the mean permeability of iron varies with the current running through the

voice-coil [6].

Since classical loudspeaker motors uses iron parts which instantaneous permeability varies with the current

running through the voice-coil, the inductance of the voice-coil varies with the current intensity as well. On the

other hand, since the magnet-only motors are made of hard magnets and air, for which the permeability remains

the same whatever the level of current running through the voice-coil, the inductance of a voice-coil placed in a

magnet-only motor should not depend anymore on the supplying current intensity.

2.2 Dependence of inductance on voice-coil displacement

The inductance of a voice-coil from a classical motor is known to depend on the coil axial position and consequently

on its displacement. When the voice-coil moves back and forth in a classical motor with iron, the proportion of

the dynamic magnetic field created by the voice-coil and passing through iron, air and magnet changes as well.

The magnetic permeability of iron is highly different to the one of air and permanent magnets and thus the mean

permeability varies according to the voice-coil position [6].
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This dependence also creates an additional motive force, called reluctance force [21, 30]. By considering that

properties of the voice-coil do not vary with the supplying current intensity, the total motive force is often written

as the sum of the Laplace force FL = Bli and the reluctance force FR = 1
2
dLe(z)

dz i2 [30], with the axis Oz standing

for the axis of revolution of the loudspeaker. The nonlinear force FR is proportional to the inductance gradient and

to the square of the current intensity, and tends to set the voice-coil in its position of maximal inductance [27]. It

is then well understood that this force is a potential source of consequent distortions at high level of current, no

matter the displacement of the voice-coil.

In contrast, the magnetic circuit of a magnet-only loudspeaker consists only of rare-earth magnets and air, whose

permeability µm and µ0 are almost equal. Thus, the mean permeability does not change whatever the position of

the voice-coil and consequently the inductance of such a voice-coil should not vary either.

2.3 Frequency dependence and Eddy Currents

On the one hand, the top plate and the T-yoke of classical loudspeakers are made of iron whose electrical conductivity

is high. Thus, when the time-varying magnetic field of the voice-coil flows through these pieces, eddy currents are

created and run through them to oppose the magnetic field of the voice-coil. Their effects in loudspeakers are well

known [31] and even exploited to control the voice-coil impedance [32, 13]. They are the origin of a variation of both

the inductance and the resistance of the voice coil with frequency of the input signal. Scott [31] and later Vanderkooy

[33] showed that the inductance of a voice-coil becomes complex in presence of eddy currents: the imaginary part of

this complex inductance is responsible for the drop of the voice-coil apparent resistance with frequency, responsible

for heating increase, while the real part contributes to the variation of its apparent inductance with frequency.

On the other hand, the conductivity of the rare-earth NdFeB magnets used in magnet-only loudspeaker is very

low. This should lead to almost no eddy currents and thus to both resistance and inductance almost independent

on the frequency [27].

3. DEVICE UNDER TEST

In order to show how the magnet-only motor may improve the linearity of the loudspeaker, we provide a set of

measurement results on two versions of a loudspeaker. The first version is a sample of a mass-produced 6.5 inch

loudspeaker whose motor is made of a classical magnetic circuit with soft-iron pieces. The second version is the

same loudspeaker whose motor is replaced by a magnet-only one.

(a) (b)

Figure 1. (a) Magnetic circuit of the original loudspeaker and (b) cross-section view of its magnetic circuit. The

arrow in magnet indicates its magnetization direction.
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(a) (b)

Figure 2. (a) Magnet-only magnetic circuit of the modified loudspeaker and (b) cross-section view of its magnetic

circuit. The arrows in magnets indicate their magnetization direction.

3.1 Motor description

The original loudspeaker is equipped with a traditional production model magnetic circuit, made of ferrite magnet

and iron, and using an aluminum shorting ring (Fig. 1). After measuring the original loudspeaker, the motor is

replaced by a prototype of a magnet-only magnetic circuit, whose design is inspired from [26] (Fig. 2)1. Such

an experiment allows us to keep the moving part, including the voice-coil and the suspensions, identical for both

loudspeakers.

3.2 Loudspeaker properties

The magnet-only magnetic circuit has been designed in such a way that the force factor Bl(x) of the magnet-only

loudspeaker is as close as possible to the original loudspeaker.

As depicted in Figs. 1 and Fig. 2, the original loudspeaker uses an overhung voice-coil, whilst the magnet-

only motor, as described in [26], can only use an underhung voice-coil. Moreover, the design of the magnet-

only circuit is limited by the distance between the voice-coil and the diaphragm. This is why the overhung and

underhung configurations are sought to be equivalent for small displacements, but not functionally equivalent

otherwise, resulting in different Bl(x) curves for large displacements.

To estimate the force factor Bl, we measure first the radial component of the magnetic induction B along the

entire path of the voice-coil using a FW BELL, 5180 Gauss / Tesla Meter with a probe FW BELL 1X and we

calculate the Bl as a function of the position x as described in [34]. Both measured force factors are depicted in

Fig. 3. The value of the force factor in the rest position equals Bl = 10.4 N/A for the original loudspeaker and

Bl = 10.5 N/A for the modified loudspeaker. As depicted in Fig. 3, they are both almost constant within the

displacement region from -1.5 to 1.5 mm in which all the measurements are performed.

On the other hand, Fig. 3 shows that the force factor Bl differs outside the -1.5 to 1.5 mm displacement range.

That is why the voice-coil displacements should remain smaller than ±1.5 mm for our study. This shall ascertain

that the measured differences between both versions of the studied loudspeaker only stand in the electrical properties

of the motor (Re and Le).

To verify that both versions are equivalent, we provide a traditional electrical impedance curves measured using

a swept-sine signal and a 470 mΩ Current Shunt (N4L HF003). Both, the amplitude and the phase of the impedance

(Fig. 4) remains almost equal for both loudspeakers up to 1 kHz. At higher frequencies (> 1 kHz) however, we

note a slightly different behavior of both the amplitude and the phase of the impedance. This difference denotes

1It can be seen in Fig. 2 that the magnet-only magnetic circuit includes a ring of plexiglas. This piece is only made to help maintaining

the chosen magnet assembly. Plexiglas does not interfere the measurements because it is inert, i.e. its conductivity is almost null and

its permeability is that of the air.
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Figure 3. Measured force factor created by the traditional magnetic circuit (dashed line) and by the magnet-only

magnetic circuit (thick line) as a function of position. The gray area from -1.5 mm to 1.5 mm denotes the

displacement range in which both force factors are almost identical and in which both loudspeakers can be fairly

compared.
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Figure 4. Impedance of both loudspeakers as a function of frequency; (a) absolute value and (b) phase.

Measurements realized with a moving (non-blocked) voice coil.

an alteration of the inductive behavior, as explained in section 4.3.

Both versions being almost equivalent from the traditional linear point of view, we focus next on the nonlinearities

of both motors and on the variation of block resistance Re and blocked inductance Le as a function of displacement,

current and frequency. Both force factors Bl are equivalent for the ±1.5 mm displacement range in which the

following measurements are made. Moreover, both mechanical parts are identical for both versions of the studied

loudspeaker. Then the possible differences in measurement results should be caused only by the electrical behavior

of the motor, implying only resistance Re and inductance Le.
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4. EXPERIMENT DESCRIPTION AND RESULTS

In this section, we present the results of the comparative study of both motors from the electrical properties point

of view. First, we measure the harmonic distortion of the current and we compare it for both loudspeakers. Then,

to understand the observed differences between both distortion measurements, the electrical impedance (apparent

resistance Re and apparent inductance Le) of the blocked voice-coil are measured as a function of position, current

and frequency. Since the voice-coil is blocked, the equation (1) becomes

ublocked(t) = Re · i(t) + Le
di(t)

dt
(3)

The term apparent is used to suggest that both parameters Re and Le can be measured directly using a simple

impedance-meter. They are derived from the real and the imaginary part of the measured impedance.

4.1 Tools of Instrumentation

For the free voice-coil measurements presented in section 4.2 we use a Sound card RME Fireface 400 for generation

and acquisition of signals. The Sound card has the Signal to Noise ratio (SNR) 110 dB RMS. A low-distortion power

amplifier Devialet D-Premier with the Signal to Noise ratio (SNR) 130 dB RMS is used to amplify the output signal.

The harmonic, as well as the inter-modulation distortion of the amplifier is less than 0.001%. The amplifier and

the sound card are connected using a digital S/PDIF interface. The current is measured using a 470 mΩ Current

Shunt (N4L HF003).

The measurement of resistance Re and inductance Le of the blocked-voice coil, presented in sections 4.3 and 4.4

is performed using a WAYNE KERR Inductance Analyzer 3255B with a measurement accuracy of 0.1%.

The voice-coil is blocked mechanically using small inert plexiglas rings of different heights inserted on the bottom

of the airgap below the former. The membrane is next held by a plastic clamp during the measurement in such a

way that the former is blocked to prevent any motion. The position of the voice coil is verified using a vernier scale

with a precision of 0.02 mm

Finally, to measure the current distortion of the blocked-voice coil, presented in section 4.5, we use again the

470 mΩ Current Shunt (N4L HF003).

4.2 Harmonic distortion

A classical way to measure the harmonic distortion is to excite the nonlinear system by a harmonic signal with a

given amplitude and frequency f0 and to analyze the frequency components mf0 of the distorted output signal that

are integer multiples m of the fundamental frequency f0. An example of such a measurement is shown in Fig. 5,

where spectra of current responses are compared for both loudspeakers (original and modified one) being excited

by a 1 kHz sine-wave signal of amplitude 3 V (1 W excitation). Note that such a signal causes a coil displacement

≈10 µm so that the possible differences in the measured distortion cannot be explained by any variation of force

factor.

To compare the harmonic distortion of the current as a function of frequency, we use a swept-sine signal excitation

[35, 36] and we observe separately the 2nd and the 3rd harmonic. Both samples are excited with a 3 V swept-sine

signal from 150 Hz to 10 kHz, frequencies for which the displacement is much smaller than 1.5 mm. The frequency-

dependence of relative level of second and third harmonics of current are depicted in Fig. 6 as a function of the

excitation frequency. In Fig. 5 units dBuA (current in dB relative to 1 µA) are chosen on current axis, whilst in

Fig. 6 the level is plotted as relative to the fundamental harmonic.

It is obvious from Figs. 5 and 6 that the distortion is much lower for magnet-only structure than for the original

motor. The single-sine excitation (Fig. 5) reveals the reduction of the second and third harmonic by 18 and 41 dB

respectively. The other higher harmonics are completely hidden in the background noise level (0 dBuA) in the case

of magnet-only motor as depicted in Fig. 5b.
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Figure 5. Comparison of spectra of current responses to 1 kHz sine-wave excitation (at 1 Watt). a) original motor,

b) magnet-only motor. Measurements realized with a moving (non-blocked) voice coil.
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Figure 6. Relative harmonic distortion of the current as a function of frequency; (a) 2nd harmonic and (b) 3rd

harmonic, when excited with a 3 V swept-sine. Measurements realized with a moving (non-blocked) voice coil.

The second and third harmonic analysis in a large frequency range (Fig. 6), reveals a higher reduction of

distortion for mid and high frequencies. For frequencies higher than 150 Hz, the second harmonic (Fig. 6a) is

reduced on average by 10 dB and the third harmonic (Fig. 6b) by 40 dB.

The results depicted in Figs. 5 and 6 show that replacing the original motor by the one with the magnet-only

structure leads to an important reduction of current distortion. Since the moving part is unchanged for both

loudspeakers the reduction of the distortion is most likely caused by the modification of the motor part of the

loudspeaker (force factor Bl, apparent resistance Re and apparent inductance Le). Moreover, since the factor Bl

is kept almost identical for both versions of the loudspeaker within the displacement range ±1.5 mm for which the

measurements are realized, the reduction of distortion is supposed to be linked only with the changes in apparent

resistance Re and apparent inductance Le.

Thus, we investigate in the following the variations of the electrical impedance (apparent resistance Re and

apparent inductance Le) of the blocked voice-coil with its position, current and frequency of both versions of the

loudspeaker.

4.3 Frequency-dependence of blocked parameters variations with position

First, we pay attention to the variations of apparent resistance Re and apparent inductance Le of the blocked

voice-coil as a function of both, position and frequency. Intensity of the current flowing through the voice-coil is

set to 20 mA, low enough to avoid any current nonlinearities.

For each blocked position of the voice-coil in the air-gap, starting from -5 mm to +5 mm with 0.5 mm step,
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Figure 7. Apparent resistance Re as a function of voice-coil position for the original loudspeaker (a) and for the

modified loudspeaker (b). Measurements realized with a non-moving (blocked) voice coil. The gray area from

-1.5 mm to 1.5 mm denotes the displacement range in which both force factors are almost identical and in which

both loudspeakers can be fairly compared.

the blocked parameters are measured for several frequencies between 50 Hz and 15 kHz. For both speakers, the

real part of the blocked impedance, i.e. the apparent resistance Re of the voice-coil, is presented in Fig. 7, and the

imaginary part divided by angular frequency ω, i.e. the apparent inductance Le of the voice-coil, is presented in

Fig. 8. In both figures, the gray area from -1.5 mm to 1.5 mm denotes the displacement range in which both force

factors are almost identical and in which both loudspeakers can be fairly compared.

In the case of the original motor, apparent resistance Re (Fig. 7a) and apparent inductance Le (Fig. 8a) exhibit

variations with both, position of the blocked voice-coil and frequency. First, frequency-dependence of the blocked

parameters is significant, whatever the position of the voice-coil in the magnetic circuit. When the voice-coil is

set at x=-1.5 mm, the variation of the apparent resistance Re goes from 8 Ω at 50 Hz to 24 Ω at 15 kHz and the

variation of the apparent inductance Le goes from 1.25 mH at 50 Hz to 0.35 mH at 15 kHz. Besides, there is a

clear position dependence of the apparent inductance Le.

When looking at the variations of blocked parameters of the modified speaker (Fig. 7b and 8b), it is clear that

both variations of apparent resistance and apparent inductance are reduced. Frequency-dependence of blocked

parameters Re and Le becomes insignificant compared to the original loudspeaker, whatever the position of the

voice-coil. When the voice coil is set at x=-1.5 mm, the maximal variation of the apparent resistance Re goes from

8 Ω to 12 Ω and the maximal variation of the apparent inductance Le goes from 0.6 mH to 0.7 mH. Besides, the

dependence of the blocked resistance Re and the blocked inductance Le with the position x is almost negligible.

4.4 Frequency-dependence of blocked parameters variations with current

In order to measure the variations of blocked parameters with current level, the voice-coil is blocked in its rest

position (x = 0), and its apparent blocked parameters are measured for several frequencies and current levels. Four

different frequencies are chosen: 50 Hz, 500 Hz, 5 kHz and 15 kHz. The current intensity is increased from 20 mA

to 0.5 A with a 20 mA step (thick lines in Figs. 9 and 10), and then decreased back from 0.5 A to 20 mA with the

same step (thin lines) to ensure the results are not biased by the Joule heating. If the apparent resistance would

increase due to heating of the voice-coil with increasing current, the results for a small level of current would differ

when measured when the voice-coil is ”cold” and when measured after the voice coil has been heated by a higher

level of current. Nevertheless, as one can see in Fig. 9, the variation of apparent resistance due to the Joule heating

is almost negligible.
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Figure 8. Apparent inductance Le as a function of voice-coil position for the original loudspeaker (a) and for the

modified loudspeaker (b). Measurements realized with a non-moving (blocked) voice coil. The gray area from

-1.5 mm to 1.5 mm denotes the displacement range in which both force factors are almost identical and in which

both loudspeakers can be fairly compared.

The variations of the blocked parameters are depicted in Figs. 9 and 10 relatively to the values measured for

the lowest value of the current level (20 mA). In the case of the original loudspeaker, both the apparent resistance

and the apparent inductance vary with current, the variation being more important at higher frequencies, where

the blocked resistance increases by 10 % and the blocked inductance increases by 20 %.

In the case of the modified loudspeaker, both the apparent resistance and the apparent inductance are almost

constant compared to the original loudspeaker case, whatever the current level. The variation of both resistance

and inductance with current does not exceed 0.2 % for all measured frequencies.

4.5 Harmonic distortion as a function of excitation level

In the last experiment, the voice-coil is kept blocked in its rest position and both original and modified loudspeakers

are supplied with increasing voltage from 1 V to 30 V (equivalent to 100 W of input power) at 1 kHz. The harmonic

distortion of the current is measured, and the level of five higher harmonics relative to the fundamental are depicted

as a function of the driving voltage in Fig. 11.

The current distortion of the modified loudspeaker is almost negligible compared to the current distortion of

the original one. As expected, the distortion of the original loudspeaker increases with the driving level; the 3rd

harmonic, already significant at low input levels, approaches -40 dB relative to the fundamental. On the other hand,

the higher harmonics are kept under -75 dB relative to the fundamental in the case of the modified loudspeaker

even for a high power input levels (100 W).

5. Discussion

The results presented above have shown a decrease of the nonlinear distortion of the loudspeaker whose motor

has been replaced by a prototype of a magnet-only magnetic circuit. Since the moving part of the loudspeaker,

including the voice coil, remains unchanged for both studied cases, the reduction of the distortion is considered to

be caused by the magnet-only motor. Moreover, since the magnet-only motor has been designed in such a way that

the force factor Bl(x) is almost the same for both loudspeakers within the measurement displacement range, the

reduction of the distortion seems to be linked to the different apparent resistance Re and inductance Le only.

In Figs. 7 and 8 the original blocked resistance and inductance have shown a huge dependence on frequency,

whilst this dependence almost disappeared in the case of the magnet-only loudspeaker. These results show that
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Figure 9. Apparent resistance Re of the blocked voice-coil of both original (dashed line) and modified (solid line)

loudspeakers, as a function of increasing current (thick line) or decreasing current (thin line), for frequencies:

50 Hz (a), 500 Hz (b), 5 kHz (c) and 15 kHz (d). Results are represented in [%] relatively to the apparent

resistance Re0 measured for the lowest value of the current level (20 mA). Measurements realized with a

non-moving (blocked) voice coil.

characterizing the position-dependence of inductance, the influence of the frequency should be taken into account.

More especially, looking at the results obtained with the original loudspeaker, it is important to note from Fig. 8a

that the slope of the variation of Le with x coordinate depends also on the frequency of the input signal. The slope

of the curve obtained at 50 Hz is negative while it is positive for frequencies higher than 150 Hz. That means that,

in usual working conditions of this loudspeaker, the reluctance force FR = 1
2
dLe(z)

dz i2 [30] can pull the voice-coil

inside the magnetic circuit at low frequencies while it can push it out of the magnetic circuit at high frequencies,

potentially being a source of a nonlinear distortion.

The variations of the apparent resistance Re and the apparent inductance Le with frequency and with position

of the voice-coil in the air-gap for the original loudspeaker may be explained by two different phenomena:
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Figure 10. Apparent inductance Le of the blocked voice-coil of both original (dashed line) and modified (solid line)

loudspeakers, as a function of increasing current (thick line) or decreasing current (thin line), for frequencies:

50 Hz (a), 500 Hz (b), 5 kHz (c) and 15 kHz (d). Results are represented in [%] relatively to the apparent

inductance Le0 measured for the lowest value of the current level (20 mA). Measurements realized with a

non-moving (blocked) voice coil.
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(a) (b)

Figure 11. Relative harmonic distortion on current created at 1 kHz on the blocked voice coil for (a) original motor

and (b) magnet-only motor. Measurements realized with a non-moving (blocked) voice coil.

• The presence of eddy currents in iron pieces is significant especially at high frequencies. In contrast, NdFeB

magnet used in the modified speaker is a poor conductor whose conductivity is much lower than the conduc-

tivity of iron and thus the presence of eddy current is almost eliminated in such a material. Thus, the decrease

of eddy currents may explain the large decrease of variations of the blocked parameters with frequency in the

case of the magnet-only motor, in comparison with the original motor. Since this frequency variation depends

nonlinearly on the position of the voice-coil, it can represent a source of distortion in usual working conditions

in case of the original version of the loudspeaker.

• At low frequencies, where the eddy currents are not significant, the original apparent inductance Le of the

voice-coil is slightly higher for x < 0 (coil in) than for x > 0 (coil out). This is due to the fact that the

average permeability of the materials the voice-coil magnetic flux flows through is higher when voice-coil is in

iron (x < 0) than when it is in air (x > 0). In the general linear case, a higher permeability means a higher

inductance. In the case of the magnet-only loudspeaker the permeabilities of both the rare-earth magnet and

air are almost the same leading to an almost constant permeability, whatever the position of the voice-coil.

The variation of apparent resistance Re with current of the original loudspeaker might be also explained by the

presence of eddy currents. One has to remember that eddy currents are often related to a simple heating effect [33].

By measuring the blocked impedance using the concept of the apparent resistance and the apparent inductance, it

is shown that the apparent resistance Re (Fig. 7a) increases with the level of the current in the case of the original

loudspeaker while it remains almost constant if the motor is replaced by the magnet-only one. This difference can be

explained by the heating effect of the eddy currents. The increasing apparent resistance contributes to the increase

of the impedance modulus as well as to the reduction of the loudspeaker efficiency through power compression

phenomena [37]. Fig. 7b shows that all of these effects can be highly suppressed by using magnet-only motors in

loudspeakers.

Moreover, the eddy currents themselves can behave nonlinearly (violating the superposition principle) [38].

They can thus contribute to the nonlinear distortion caused by the traditional loudspeaker motor, in which a soft

ferromagnetic material is used. This hypothesis is supported by the fact that the variations of the resistance and

the inductance with the current intensity are higher at high frequencies (Figs. 9 and 10), where eddy currents are

more significant. Another contribution to the variations of the apparent inductance Le with current of the original
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loudspeaker may be caused by the fact that BH-curve of iron is nonlinear (see Section 2 and [6]). However, the

variation of the BH-curve alone cannot explain such a variation of the apparent resistance Re with current and

frequency (Fig. 9). The variation of both apparent resistance Re and apparent inductance Le with current can

be thus interpreted as a combined effect of the nonlinear BH-curve of the iron in the original loudspeaker motor

with the generation of eddy currents in the conductive iron pieces despite the use of shorting rings. However, more

scientific evidence would be needed to separate the relative importance of both effects. In the case of the magnet-

only loudspeaker, in which the BH-curve is almost linear and in which the eddy currents are highly suppressed,

the variation of both, apparent resistance Re and apparent inductance Le with current and frequency are almost

eliminated.

In the last experiment, the voice-coil has been kept blocked in its rest position and both original and modified

loudspeakers have been supplied with increasing voltage at 1 kHz. Even if the voice-coil has been blocked, Fig. 11a

shows that the current running through the voice-coil in the case of the original loudspeaker is highly distorted. In

the case of the magnet-only loudspeaker Fig. 11b, the distortion of current passing through the blocked voice-coil

is highly reduced. This statement confirms the association between the decrease of variation of blocked parameters

with a reduction of the current distortion.

6. CONCLUSION

In this report, we have presented the results of a comparative study in which a motor of classical electrodynamic

loudspeaker has been replaced by a so-called magnet-only motor. Thus, the moving part, including the voice-

coil, the diaphragm and the suspensions, has been kept identical during the measurement of both versions of the

loudspeaker. Such an experiment has allowed a fair comparison of both motors.

It has been demonstrated that replacing a traditional loudspeaker motor by a magnet-only one, the current

distortion of the loudspeaker can be significantly decreased. It has been also shown that the variations of apparent

resistance and apparent inductance of the voice-coil with the level of current running through and with displacement

are themselves dependent on the frequency. These coupled dependencies and their measurement have been shown

to be a good indicator of the nonlinearities of a loudspeaker motor.

The measurements on the original loudspeaker have shown a significant variation of apparent resistance and

inductance of the voice-coil with current, displacement and frequency. On the other hand, the measurements on the

magnet-only loudspeaker have shown almost no variation whatever the frequency, the current level or the position

of the voice-coil in the magnetic circuit.

In addition, by producing a uniform magnetic induction along the entire displacement of the voice-coil, magnet-

only structures not only lead to almost constant blocked parameters, but can also assure the force factor to be

uniform. By keeping all motor parameters constant, ideal functioning of loudspeakers as described by the simplest

linear models can be reached. The case study presented in this paper has shown that the use of magnet-only

magnetic circuits in loudspeaker motors can be an important step in loudspeaker linearization.
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Loudspeaker Nonlinearities – Causes, Parameters, Symptoms 

Wolfgang Klippel, Klippel GmbH, Dresden, Germany, klippel@klippel.de 

ABSTRACT 

This paper addresses the relationship between nonlinear distortion measurements and 
nonlinearities which are the physical causes for signal distortion in loudspeakers, headphones, 
micro-speakers and other transducers. Using simulation techniques characteristic symptoms are 
identified for each nonlinearity and presented systematically in a guide for loudspeaker 
diagnostics. This information is important for understanding the implications of nonlinear 
parameters and for performing measurements which describe the loudspeaker more 
comprehensively. The practical application of the new techniques are demonstrated on three 
different loudspeakers.  

1. INTRODUCTION 
Loudspeakers and other kinds of actuators which produce sound or vibrations behave differently 
at small and high  amplitudes. The dependency on the amplitude is an indication of nonlinearities 
inherent in the system. A second nonlinear effect is the generation of additional spectral 
components which are not in the exciting stimulus. Those components are generally integer 
multiples of the applied fundamentals and thus labeled as harmonic and intermodulation 
distortion. The results of those distortion measurements highly depends on the properties of the 
stimulus such as the selected frequency, amplitude and phase of the exciting tones.  The results 
do not completely describe the large signal performance  but should be understood as symptoms. 
This is the major difference to the small signal domain measurement results where a linear 
transfer function or impulse response describes the input/output relationship completely. 
Measurements which rely on symptoms are problematic because they raise following questions: 
Does the measurement technique activate and detect significant symptoms of the loudspeaker 
nonlinearity ?  
Are the symptoms meaningful ? 
How are they related to the physical causes ? 
How can we keep the measurement time and effort low while ensuring a comprehensive set of 
data ? 
  
These questions will be addressed in the following paper. Answers will be derived from 
loudspeaker modeling and practical measurement results. First, the basic nonlinear mechanisms 
in loudspeakers are discussed. Next, traditional and new measurement techniques are 
summarized. After discussing general symptoms and their relationship with the nonlinear curve 
shape, the particular symptoms of dominant nonlinearities in loudspeakers are discussed 
systematically. A simple guide for assessing the large signal performance of loudspeakers is 
presented. This guide is then applied to diagnose three loudspeakers intended for home and 
automotive applications. Finally, conclusions are drawn for practical work and further research.  
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2. GLOSSARY OF SYMBOLS 

AMD amplitude modulation distortion in percent 

Bl(x) 
is the effective instantaneous electro-dynamic coupling factor (force factor of the 
motor) defined by the integral of the permanent magnetic flux density B over 
voice coil length l. 

C amplitude compression of the fundamental in dB 

E envelope of a time signal 

ETHD  equivalent total harmonic distortion at the transducer’s terminals in percent  

EHDn equivalent nth-order harmonic distortion at the transducer’s terminals in percent 

fs resonance frequency  

fp Helmholtz resonance of the port in vented systems 

FT Fourier transform  

Fm (x,I)  electro-magnetic driving force (reluctance force) due to the variation of the 
inductance versus x, 

HDn  nth-order harmonic distortion in percent  

H(j�)  

  linear transfer function 

ICHD instantaneous crest factor of harmonic distortion in dB 

IHD instantaneous value of harmonic distortion component in percent  

IMDn nth-order intermodulation distortion in percent   

IMDtotal total harmonic intermodulation distortion in percent   
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i(t) the electric input current,

Kms(x) mechanical stiffness of driver suspension which is the inverse of the compliance 
Cms(x), 

Le(x,i) 
L2(x,i) 
R2(x,i) 

lumped parameters depending on displacement x and current i required to model 
the para-inductance of the voice coil , 

LAMD amplitude modulation distortion in decibel 

LHD,n nth-order harmonic distortion in the sound pressure output signal in decibel 

LTHD total harmonic distortion in the sound pressure output in decibel 

LEHD,n equivalent nth-order harmonic distortion in decibel 

LETHD equivalent total harmonic distortion in decibel 

LTHD equivalent total harmonic distortion in decibel 

LIMD,n nth-order intermodulation distortion in the sound pressure output signal in decibel 

LIMD,total 
total harmonic intermodulation distortion in the sound pressure output signal in 
decibel   
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Mms mechanical mass of driver diaphragm assembly including voice-coil and air load, 

p(t) sound pressure output 

P(j�) spectrum of sound pressure signal 

Pn  nth-order harmonic component in sound pressure 

Pt rms-value of the total sound pressure signal 

Pr(f1,Ui)  relative amplitude of the fundamental (referred to a voltage Ui) 

n order of the distortion component  

Rms mechanical resistance of  driver suspension losses, 

Re(TV) DC resistance of voice coil,

THD total harmonic distortion in the sound pressure output in percent  

u(t)  the driving voltage at loudspeaker terminals. 

uD(t) equivalent input distortion considering all nonlinearities 

u’(t) total equivalent input voltage u’=u+uD 

v(t) velocity of the voice coil,
x(t) displacement of the voice coil,
Zm (s)  mechanical impedance representing mechanical or acoustical load. 

  

3.  LOUDSPEAKER MODELING 

At higher amplitudes all loudspeakers behave more or less nonlinearly generating signal components which do not 
exist in the input signal. There is a wide variety of nonlinear mechanisms occurring in loudspeaker systems and the 
research is mainly is focused on the “dominant nonlinearities” which 

�� limit acoustical output 
�� generate audible distortion 
�� indicate an overload situation 
�� cause unstable behavior 
�� are related to cost, weight, volume 
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�� determine transducer efficiency 
�� affect loudspeaker system alignment. 

3.1. Regular Nonlinearities 

Most of the dominant nonlinearities are caused by the transducer principle and are directly 
related with the geometry and material properties of the motor, suspension, cone and enclosure. 
Physical limits require a compromise but some of the nonlinearities are also intentionally made 
to get a desired large signal behavior (e.g. progressive stiffness). Thus, the design process yields 
transducers having regular nonlinearities which are found in any good unit passing the end-of-
line test.   

The most dominant regular nonlinearities found in woofers, tweeters, micro-speakers, horn 
compression drivers and loudspeaker systems are summarized in Table 1 and discussed in the 
following sections.   

 

 

NONLINEARITY  EFFECT MULTIPLIED TIME 
SIGNALS 

Stiffness Kms(x) of the 
suspension 

nonlinear restoring force 
Fs=Kms(x)x 

displacement x 

driving force F=Bl(x)i causes 
parametric excitation 

displacement x 
current i 

Force factor Bl(x)  

back EMF uEMF=Bl(x)v 
causes nonlinear damping 

displacement x 
velocity v 

time derivative of magnetic 
flux �x=L(x)i produces back-
induced voltage 

displacement x 
current i 

Inductance Le(x) (magnetic ac-
field varies with  coil position) 

additional reluctance force 
Fm ~ i2 driving the 
mechanical system 

current i 
 

Inductance Le(i) (magnetic ac-
field changes permeability of the 
magnetic circuit) 

time derivative of magnetic 
flux �i=L(i)i produces back-
induced voltage 

current i 

Young’s modulus E(�) of the 
material (cone, surround)  

stress in the material � 
=E(�)� is a nonlinear 
function of strain 

strain � 

geometrical transfer matrix  geometry is changed by strain vector � 
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mechanical vibration  
Flow resistance Rp(v) of the port 
in vented cabinets   

sound pressure inside the box 
is a nonlinear function of the 
air flow 

air velocity v in the port 

Doppler Effect (variation of the 
cone position) 

variable time shift �=x/c in 
the propagated signal causes 
phase distortion 

displacement x 
(velocity v) 
sound pressure p 

Nonlinear sound propagation speed of sound c(p) depends 
on pressure and causes wave 
steepening 

sound pressure p 

Table 1 Overview of important regular nonlinearities in an electro-dynamic loudspeaker 
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Figure 1: Suspension system in a conventional loudspeaker (sectional view) and the nonlinear 
force-deflection curve. 

3.1.1. Nonlinear stiffness 

Loudspeakers use a suspension system to center the coil in gap and to generate a restoring force 
which moves the coil back to the rest position. Woofers usually have a  suspension comprising a 
spider and a  surround as shown in Figure 1 which allows  movements in one direction only and 
suppresses rocking modes. 
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Figure 2: Stiffness of a progressive spider (dotted curve), a limiting surround (dashed curve) and 
the total suspension (solid curve)  

Most suspension components are made of impregnated fabric, rubber or plastic molded into a 
particular shape. The suspension behaves like a normal spring and may be characterized by the 
force-deflection curve as shown in Figure 1. There is an almost linear relationship at low 
displacement but at high displacement the suspension responds with more force than predicted 
by a linear spring. In response to a slow ac-force the displacement generally follows with a 
hysteresis caused by losses in the material.  

The restoring force F=Kms(x)x may also be described as the product of displacement and 
nonlinear stiffness Kms(x). The stiffness Kms(x) corresponds with the secant between any point of 
the force-reflection curve and the origin. Since the stiffness is not constant but itself a function of 
the displacement x, the restoring force contains products of voice coil displacement. These terms 
produce nonlinear distortion in the time signal which are typical for the suspension. The stiffness 
also varies with frequency due to the visco-elastic behavior of the suspension material. However, 
this effect can be modeled by a linear systems [24].   

 

Figure 2 shows the Kms(x)-characteristic of a spider with a progressive characteristic and a 
surround which limits the excursion at positive displacement.   
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Figure 3: Electrical equivalent circuit of the loudspeaker considering motor and suspension 
system 

3.1.2. Force Factor 

The force factor Bl(x) describes the coupling between mechanical and electrical side of lumped 
parameter model of an electro-dynamical transducer as shown in  Figure 3.  This parameter is the 
integral of the flux density B versus voice coil wire length l. The force factor Bl(x) is not a 
constant but depends on the displacement x of the voice coil. Clearly, if the coil windings leave 
the gap the force factor decreases. The nonlinear function is static (no frequency dependency) 
and can be represented as a nonlinear graph, table or  power series expansion.   

The shape of the Bl(x)-curve depends on the geometry of the coil-gap configuration and the B-
field generated by the magnet.  Figure 4 illustrates an overhang configuration where the coil 
height hcoil is larger than depth hgap of the gap. The corresponding Bl(x)-curve is shown as a solid 
line in Figure 5. For small displacements the force factor value is almost constant because the 
same number of windings is in the gap. A coil height equal with the gap depth corresponds with 
the dashed curve in Figure 5 showing a force factor that decreases without a constant region at 
low amplitudes.        
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Figure 4: Motor structure of a of an overhang configuration  
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Figure 5: Force factor Bl(x) of an overhang and equal-length coil-gap configuration  

The force factor Bl(x) has two nonlinear effects as listed in Table 1: 

�� As a coupling factor between electrical and mechanical domain any variation of Bl(x) will 
affect the electro-dynamic driving force F=Bl(x)i. This mechanism is also called 
parametric excitation of a resonating system. High values of displacement x and current i 
are required to produce significant distortion.  

�� The second effect of Bl(x) is the displacement dependency of the back EMF generated by 
the movement of the coil in permanent field. Here, the force factor Bl(x)2 is multiplied 
with the velocity and causes variation of the electrical damping. 

3.1.3. Voice coil inductance 

The electrical input impedance depends on the position of the coil. For example, Figure 6 shows 
the electrical input impedance versus frequency measured at three voice coil positions (x=0, 
clamped at +7 mm and –7 mm).  Above the resonance at 70 Hz (which does not appear for a 
clamped voice coil) the electrical impedance is significantly higher for a negative displacement 
(coil in position) than at positive displacement (coil out position).   
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Figure 6: Electrical impedance measured at the rest position (x=0) and with clamped voice coil 
at positive and negative displacement.  

This property can be observed on many loudspeakers and can be explained by the displacement-
varying inductance. The current in the voice coil produces a magnetic ac-field penetrating the 
magnet, iron and air as shown in Figure 7. The magnetic flux depends on the position of the coil 
and the magnitude of the current. If the coil is in free air above the gap the inductance is much 
lower than when operating the coil below the gap where the surrounding material is steel which  
decreases the magnetic resistance.    
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Figure 7: Motor structure of a conventional driver using a shorting ring on the pole piece.  

 

In addition to its dependence on displacement x the inductance also depends on the input current 
i. This is caused by the nonlinear relationship between magnetic field strength H and flux density 
(induction) B=�(i)H as shown in Figure 8.  With no current applied to the coil, the permanent 
magnet produces the field strength H2 which determines the working point in the B(H)-
characteristic. A high positive current (i = 10 A) increases the total field strength to H3 where the 
iron is more saturated and the permeability � is decreased. Conversely, at negative current (i = -
10 A) the total field strength is decreased, increasing the value of �. The effect of the varying 
permeability  �.(i), which  is very dependent on the specific magnetic material., is also called 
“flux modulation”. The ac current also generates a hysteresis loop which corresponds with the 
losses in the iron material during one period of a sinusoidal current.  
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Figure 8: Flux density B versus magnetic field strength H of the magnetic circuit showing that 
the permeability �(i) depends on the voice coil current i. 

The magnetic ac-flux increases the impedance at higher frequencies as shown in Figure 6. This 
increase can not be described by an ideal inductance [2]. Special models (Leach [3], Wright [4], 
cascaded LR-network) are required to describe losses generated by eddy currents in the iron 
material. The discrete model using an inductance Le(x,i) in series with a second inductance 
L2(x,i) shunted by a resistor R2(x,i) as shown in Figure 3 is a good candidate for capturing the 
nonlinear dependence on displacement and current. The particular parameters depend on the 
frequency range over which the fitting is performed [5]. For most applications it is also 
convenient to use a simple approximation which neglects the nonlinear interactions between 
current and displacement. It uses the same nonlinear curve shape for the displacement-varying 
parameters   
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 . 

This approximation reduces the amount of data used in loudspeaker diagnosis and loudspeaker 
design calculations. The nonlinear characteristics of Le(x) versus displacement x and Le(i) versus 
i and the values L2(0) and R2(0) at the rest position x=0 are sufficient in most applications to 
describe the nonlinear characteristic of the para-inductance. For example, the Figure 9 shows the 
relationship between Le(x) and displacement, Figure 10  shows the dependency of the Le(i) 
versus current, respectively.   
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Figure 9: Voice coil inductance Le(x, i=0) versus displacement x for a motor with and without 
shorting rings 
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Figure 10: Voice coil inductance Le(i, x=0) versus voice coil current i with and without shorting 
rings 

The inductance of the coil can be significantly reduced by placing conductive material (usually 
rings or caps made of aluminum or copper) on the pole piece or close to the coil as shown in 
Figure 7. The ac-field induces a current in the shorting material which generates a counter flux. 
This reduces the total flux and the inductance of the coil. This arrangement behaves similarly to 
a transformer which is shorted on the secondary side. 
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If the shorting material is placed at points where the inductance is maximal, the Le(x)-curve can 
be significantly linearized as shown by the dashed line in Figure 9. Shorting materials have also 
a positive effect on the Le(i)-characteristic because the ac-field field is smaller and produces less 
flux modulation.     

Table 1 summarizes the nonlinear effects and shows which time signals are multiplied with each 
other: 

�� The first effect of the displacement varying inductance Le(x) is the back induced voltage in 
the electrical input circuit due to the time derivative of the magnetic flux and leads to the 
variation of the input impedance with coil displacement as shown in Figure 6. This effect is 
expressed with a multiplication of displacement and current. The same signals are involved 
in the parametric excitation of the Bl(x) but there is an additional differentiation after the 
multiplication which enhances the amplitude of the components by 6dB/octave at higher 
frequencies.  

�� The second effect is an additional reluctance force Fm(x,i,i2) which drives the mechanical 
system directly as shown in the equivalent circuit in Figure 3. It can be approximated by 

� �22
2 2

2
( ) ( )( )( , , )

2 2
e

m

i tL x L xi tF x i i
x x






 � �


. 

The reluctance force multiplies the local derivative of  Le(x) with the squared current. The 
squarer is the dominant nonlinear operation and generates distortion in the full audio band. 
The reluctance force was the major driving force in electro-magnetic loudspeaker used 50 
years ago. In today's electro-dynamic transducers the reluctance force is an undesired 
rudiment which should be kept as low as possible.  

�� The dependency of Le(i) on current causes an ac-flux which depends on powers of i. Since 
the current is a broad band signal, distortion components are generated in the full audio 
band.  
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Figure 11: Nonlinear material properties as causes for nonlinearities in the mechanical system 

3.1.4. Nonlinear Material properties 

At low frequencies where the cone vibrates as a piston the suspension is the only nonlinear part 
of the mechanical system and can be described by a single lumped parameter Kms(x). At higher 
frequencies break-up modes occur on cone and other parts (voice coil former, dust cap). These 
vibrations become nonlinear if the strain and stress in the material is very high and Young’s 
modulus E(�) varies with the strain �.  

Nonlinear distortion is generated in the stress � due to the multiplication of E(�) with the strain �, 
and becomes maximal at distinct frequencies (Eigenfrequencies) where the modes produce high  
strain in the material [6].   
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Figure 12: Variation of the cone geometry due to mechanical vibration 
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3.1.5. Variation of Geometry 

More important than the variation of the E-modulus is the variation of the geometry of the 
mechanical system. The vibration becomes nonlinear if the displacement � is not small in 
comparison to geometrical dimensions (e.g. thickness b or curvature of the cone segment [7]) as 
illustrated in Figure 12.  
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Figure 13: Nonlinear flow resistance depends on the air velocity 

 

3.1.6. Port nonlinearity 

Ports in vented systems have a flow resistance which is not constant, but highly depends on the 
velocity v of the air inside the port [8] . At very low amplitudes the loss factor of a normal port is 
very high (Q > 50) but this values goes down to 10 and less for particle velocities above 20 m/s. 
The reason is that the air in the port does not vibrate as an air plug where all the air particles are 
bounded together. During the out-breathing phase the air is pushed in axis into the far field. In 
the following in-breathing phase other air particles resting around the orifice are accelerated and 
sucked into the port. The kinetic energy moved into the far field corresponds with the increase of 
the flow resistance for positive and negative air velocities as illustrated in Figure 13.  

The nonlinear flow resistance Rp(v) generates low frequency components because the velocities 
are multiplied with each other. An asymmetry in Rp(v) caused by the geometry of the orifices 
generates a dc-pressure in the box which may spoil the voice coil position and cause motor 
distortion. 

A second nonlinear mechanism is the generation of turbulences in the air flow that behave as 
sound sources causing broad band noise in the output signal [9], [10] .     
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Figure 14: Phase modulation caused by varying distance between cone and listening point 
(Doppler Effect) 

3.1.7. Doppler Effect 

Variation of the position and geometry of the cone and surround does not only affect the 
mechanical vibration but also the acoustical radiation condition [11]. The Doppler Effect is the 
most dominant nonlinearity in this group. This effect may be explained as the change in 
wavelength as the result of motion (velocity) between source and receiver. This effect can also 
be described by the varying distance between the radiating surface (cone) and a listening point in 
axis caused by the displacement of the diaphragm generated by a low frequency component [12]. 
This causes a varying time delay in the transferred sound pressure signal which can be 
interpreted as a phase or frequency modulation . This is not very critical for the low frequency 
component itself but causes high intermodulation of high frequency signals with a short 
wavelength. This mechanism may be described by the product of displacement and differentiated 
sound pressure and requires low and high frequency components at the same time. The easiest 
way to avoid this distortion is to use a multi-way system with a sufficiently low crossover 
frequency between woofer and tweeter system.  
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Figure 15: A sound wave propagating at high amplitudes causes a characteristic steepening of the 
wave front  

3.1.8. Wave Steepening 

At high amplitudes a sound wave propagates at the maxima faster than at the minima causing a 
gradual steepening of the wave front [13]. This mechanism is found in horn loaded compression 
drivers.  The nonlinear mechanism is basically a multiplication of the sound pressure with the 
differentiated sound pressure in each section of the horn [14] - [16].  

 

3.2. Irregular Defects  
There are other sources of signal distortion in loudspeakers which are caused by defects such as a 
loose glue joint,  a rubbing voice coil, a wire hitting the cone or loose particles in the gap.  
Usually this is also a nonlinear mechanism  because the output signal contains spectral 
components which are not in the input u(t) and onset of the distortion depends highly on the 
amplitude of the stimulus.  
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Figure 16: Mechanical model of a loudspeaker defect (glue problem) 

The example in Figure 16 illustrates the effect of a defective glue joint which causes a loose 
connection between the  outer edge of the surround and  the loudspeaker frame. The loose part of 
the surround is modeled by lumped elements (moving mass, spring, losses) forming a resonator 
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with a high Q factor. The loose joint provides a nonlinear excitation which switches the driving 
force on and off depending on the direction of the displacement. If the joint is open, the mass-
spring resonator oscillates at a resonance frequency fo which is much higher than the exciting 
frequency f. The external stimulus initiates and synchronizes the oscillations and provides the 
required energy. Applying a sinusoidal excitation signal this system generates short bursts at 
certain time instances spaced periodically.  

A more detailed analysis of the loose glue joint and other loudspeaker defects is not subject of 
this paper but are discussed elsewhere [17], [18].  

 

3.3. Measurement of model parameters 

Modeling becomes practical if the free parameters of the model can be identified on a particular 
unit. The parameters of the lumped parameter model in Figure 3 can be measured by using static, 
incremental dynamic or full dynamic techniques as defined in the IEC standard [19]. The static 
and the incremental dynamic methods [21], [20] use a dc-part in the stimulus to operate the 
loudspeaker in a particular working point. However, only a full dynamic measurement technique 
[22], [23] operates the loudspeaker under normal working conditions and can use an audio-signal 
as stimulus. This is important for considering visco-elastic effects of the suspension [24] and for 
measuring the inductance Le(i) at high currents (> 30 Ampere) where heating of the coil may 
damage the loudspeaker. In this paper all large signal parameters are measured dynamically by 
using the system identification technique (LSI of the Distortion Analyzer [25]). 

3.4. Simulation of signal performance 

If the loudspeaker model is adequate and the free parameters are measured carefully, the 
behavior of the loudspeaker may be predicted for any input signal (synthetic test signal or music 
as stimulus). This kind of lumped parameter analysis [1]  has the following advantages:  

The simulation does not need any sensor but gives access to all state variables of the system 
(sound pressure, current, displacement,..). It is also possible to separate nonlinear distortion of 
each nonlinearity from the linear output and to measure the magnitude of the distortion in an 
audio signal at any time [26]. Modeling is also the basis for a new auralization technique [27] 
which combines objective and subjective assessment of the large signal performance.  

4.    MEASUREMENT OF SYMPTOMS 

The traditional method of assessing the large signal performance is the measurement of special 
symptoms generated by the nonlinear system at high amplitudes [28]. Such symptoms are: 

�� generation of new spectral components in the output signal (which can be identified as 
harmonic, sub-harmonic and intermodulation components) 
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�� Nonlinear relationship between the amplitude of the input and output amplitude of 
fundamental and distortion components  (“nonlinear amplitude compression”) 

�� Generation of a dc-part in the state variables (e.g. dc-displacement)  [30] 

�� Instabilities leading to bifurcation and jumping effects [29]. 

Those symptoms give valuable information about: 

�� deviation from linear behavior (almost linear, weak nonlinear or strong nonlinear behavior) 

�� physical nature of the nonlinearity (e.g. force factor) 

�� shape of the nonlinear characteristic 

�� quantitative identification of nonlinear parameters. 

4.1. Critical stimulus 

Symptoms are only generated if the nonlinearities are activated by an appropriate stimulus. Since 
the nonlinearities of the motor and suspension are relatively smooth curves, the loudspeaker 
behaves almost linearly for sufficiently small amplitudes. High displacement is required to cause 
significant variation of the force factor Bl(x), inductance Le(x) and stiffness Kms(x). Therefore, the 
stimulus should provide sufficient energy at frequencies below 2fs because the displacement 
decreases by 12 dB/octave above resonance frequency fs. Detection of current-varying 
inductance Le(i) requires a signal which creates high voice coil current. Due to the electrical 
input impedance variation with frequency the current is high at low frequencies, becomes 
minimal at the resonance, increases to high values again at 2fs, and gradually decays at higher 
frequencies.  

The nonlinear terms in Table 1 which multiply two different time signals require a stimulus 
which produces high amplitudes of both state variables at the same time. In some cases this can 
not be accomplished by a single tone. For example the L(x)-nonlinearity requires at least a low 
frequency tone for generating displacement and a high frequency tone for generating sufficient 
current. A two-tone stimulus has the advantage over a multi-tone signal in that the generated 
components can be separated in the frequency domain to simplify the identification and 
interpretation.  

 

4.2.  Monitoring of State Variables 

The sound pressure output measured by a microphone is, of course, the most natural candidate 
for monitoring the state of the loudspeaker. However, cone vibration radiation, the room and 
ambient noise have an influence on the acoustic signal. Monitoring the voice coil displacement 



 
 

 
Page 21 of 21 

by a triangulation laser sensor is a more direct way of observing the state of the suspension and 
motor. A considerable dc-component may be generated in the displacement by asymmetrical 
nonlinearities (rectification process). The input current is also a very informative state signal and 
can also be easily measured. The dynamic measurement of the large signal parameters in the LSI 
module [25] is based on monitoring electrical signals at the loudspeaker terminals only.  
Monitoring the voltage at the terminals is useful if the loudspeaker is operated via a high 
impedance amplifier (current source). Monitoring of velocity and cone acceleration can be 
accomplished by using an expensive Doppler laser system or an inexpensive accelerometer 
mounted on the cone.  

4.3.  Signal Analysis and Distortion Measures 

A nonlinear system excited by a two-tone stimulus u(t)= 1.4U0 sin(2�f1t)+1.4U0 sin(2�f2t) with a 
first excitation tone at frequency f 1 and a second tone at f2 generates a state variable (e.g. sound 
pressure p(t)) which is subjected to a spectral analysis (Fourier transform FT) giving the 
spectrum (e.g P(j�)=FT{p(t)}).   
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Figure 17 Spectrum of a state variable (e.g. sound pressure, displacement, current) generated by 
a two-tone stimulus 
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If the distance between the two tones is sufficiently high (f2 >> f1) the fundamental components, 
harmonic and intermodulation components are nicely separated and can be easily identified as 
illustrated in Figure 17.     

4.3.1. Fundamental Components 

The complex spectrum P(j�)=FT{p(t)} comprises  the fundamental components P(j�1) and 
P(j�2). While performing a series of measurements with varied frequency f1 the amplitude and 
phase response of the fundamental component can be measured in the frequency range of 
interest. In contrast to the linear transfer response measured at sufficiently small amplitudes, the 
large signal response depends on the amplitude and the spectral content of the stimulus. Thus the 
second tone at f2 may influence the amplitude of the output component P(j�1). In this paper all 
measurements of the fundamental components are performed with a single tone f1.  

Although the phase response changes significantly at higher amplitude it plays a minor role in 
loudspeaker diagnostics so far.  

More important is the relationship between input and output magnitude which reveals the 
nonlinear amplitude compression. In practice a series of measurements i= 1, ... N is performed 
while changing the amplitude of the input signal Uo=i*�U  and calculating the relative amplitude  
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4.3.2. Harmonic Distortion 

The 2nd-order, 3rd-order and higher-order harmonic components Pn(j�1)=0.7P(nj�1) with n > 1 
appear at 2f1, 3f1 and multiples nj�1 of the fundamental frequency f1. The harmonics of the 
second tone f2  are at higher frequencies which are not shown in Figure 17.  According to the IEC 
standard 60268-5 [31] the nth-order Harmonic Distortion may be expressed in percent 
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The common presentation methods for harmonic distortion measurement results have some 
disadvantages:  

The measures HDn, THD  in Eqs. (3) and (5), respectively, refer the amplitude of the measured 
distortion components to the rms-value Pt of the total signal p(t). In this way the measured 
distortion responses depend on the fundamental which is mainly determined by the linear 
transfer function H(j�). This yields high values of harmonic distortion at low frequencies where 
the radiation of the harmonics is much better than the radiation of the fundamental. Also, break 
up modes, radiation, deflections of the sound wave at the enclosure edges and reflections in the 
room increase the complexity of the distortion curves [32].   
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Figure 18: Measurement of equivalent input distortion by performing an inverse filtering prior to 
spectral analysis. 

The results of the distortion measurement are much easier to interpret if the distortion is 
measured closer to the source. Since most of the dominant distortion is generated in the one-
dimensional signal path (motor, suspension) it can be lumped together in a signal source adding 
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distortion uD(t) to the input signal u(t) as shown in Figure 18.  Unfortunately, this point is not 
accessible for direct measurements in real loudspeakers. However, distortion measured in sound 
pressure, displacement or any other state variable can easily be transformed into the input signal 
by filtering with the inverse transfer function H(j�)-1. This concept [33] produces less, but more 
meaningful data and is a convenient way for separating motor distortion from distortion 
generated in the multi-dimensional domain (break-up modes, radiation).  

The nth-order Equivalent Harmonic Input Distortion in percent is defined in percent 
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Figure 19: Instantaneous distortion IHD and total harmonic distortion THD in sound pressure 
output measured with a sinusoidal sweep on a defective loudspeaker.  
 
Traditional harmonic distortion measurements only exploit the amplitude of the harmonic 
components. The phase of the higher-order harmonics is usually neglected because the 
interpretation is difficult. However, both phase and amplitude spectrum determine the waveform 
of the distortion in the time domain [34]. The waveform of the harmonic distortion signal can be 
calculated for a sinusoidal stimulus at � by applying the inverse Fourier transform to the 
harmonics in the complex spectrum giving the Instantaneous Harmonic Distortion in percent  

*
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(14) 

or in decibel 

20lg
100IHD
IHDL � �	 � �
� �

. 
(15) 

 
For a sinusoidal sweep the time t corresponds with an instantaneous frequency �(t) giving the 
frequency response LIHD(f). For example, Figure 19 shows instantaneous harmonic distortion 
LIHD(f) as thin line and the total harmonic distortion THD as a thick line versus frequency 
between 20 Hz and 1 kHz. The ratio between the instantaneous distortion (IHD) and the rms-
value of the distortion (THD) gives the Instantaneous Crest factor of Harmonic Distortion 

20lg IHDICHD
THD
� �	 � �
� �

  . 
(16) 

in decibel. This measure describes the transient  and impulsive properties of the harmonic 
distortion and plays an important role in the separation of soft- or hard limiting nonlinearities and 
the identification of loudspeaker defects. For example, distortion caused by regular motor and 
suspension nonlinearities produces relatively smooth distortion curves and the ICHD stays below 
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10 dB. A loudspeaker defect such as a wire beat generates a much higher crest factor (ICHD > 
10 dB) as shown at 50 Hz in Figure 19.  
 

4.3.3. Intermodulation Distortion 

The IEC standard [31] summarizes the summed and difference-tone components of the same 
order and defines the nth-order Inter-Modulation Distortion (n > 1) in percent 
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or in decibel 
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n
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Summarizing all nth-intermodulation distortion gives the Total Inter-Modulation Distortion in 
percent. 
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or in decibel 
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. 
(20) 

In this paper two kinds of intermodulation distortion measurements are used: 

1. Sweeping the Bass-Tone  

The first tone f1 is varied from fs/2 to 2fs and the second tone is set at the constant frequency 
f2=10fs. 

2. Sweeping the Voice-Tone  

The fist tone is set at a constant frequency f1=fs/5 and the second tone f2 is varied from 7fs to 
20fs. 
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Figure 20: Amplitude modulation of a high-frequency tone by a low frequency tone caused 
by a nonlinear force factor Bl(x) 
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Figure 21: Phase modulation of a high-frequency tone by a low frequency tone caused by the 
Doppler effect 

4.3.4. Separation of FM and AM Distortion  

The IEC standard 60268-5 [31] and other traditional intermodulation measurements exploit the 
amplitude of the tones in the sidebands only. The phase of the components give further 
information to identify the modulation mechanism:  

The Amplitude Modulation (AM) causes a variation of the envelope of the first tone (carrier) 
according to the modulating second tone but does not affect the phase of the carrier [35]. The 
parametric excitation due to the Bl(x) is a typical example for amplitude modulation. Figure 20 
shows one period of the low frequency tone modulating  the envelope of the radiated high-
frequency tone. 

The Frequency Modulation (FM) does not change the envelope of the signals but changes the 
phase of the high frequency tone. For example,  Figure 21 shows the waveforms of a radiated 
two-tone signal with and without Doppler effect over one period of the low frequency tone. The 
phase of the high frequency tone changes with the amplitude of the low frequency tone.   
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The intermodulation generated by an AM-process can be described by the Amplitude Modulation 
Distortion expressed in percent  
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or in decibel  
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by using the instantaneous envelope E[k] and the averaged envelope  
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kE

K
E

1
][1  (23) 

of the modulated high-frequency tone which can be calculated from complex spectrum by using 
the analytical signal [36]. 

The measures AMD and LAMD show the contribution of amplitude modulation and can be 
compared with the total intermodulation measures IMDTotal and LIMD,total which consider both FM 
and AM distortion.  

4.4. Dc-Displacement 

If some of the nonlinearities have an asymmetrical shape a rectification process takes place and a 
dc-component Xdc is generated in the voice coil displacement [37]. A dc-part can not be 
generated in velocity, acceleration or the corresponding sound pressure output because those 
time signals are derivatives of the displacement. The voice coil current is also free of a dc-
component because the magnetic flux is differentiated and the back-EMF is the product of two 
orthogonal time signals (displacement and velocity).   

5. EFFECTS OF THE CURVE SHAPE   

There are some general relationships between the shape of nonlinearity and the magnitude of the 
low- and high-order distortion components independent of the physical context and the location 
of the nonlinearity in the differential equation.  

The following discussion uses the Kms(x) and Bl(x)-nonlinearities as examples.   

5.1. Symmetry and asymmetry  

The most obvious feature of a nonlinear parameter is the symmetry of the curve. A well-made 
loudspeaker should have symmetric Kms(x) and Bl(x) curves. At high positive and negative 
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excursion the suspension will be limited by unfolded and stretched suspension material and the 
voice coil will leave the gap. A symmetric curve usually produces 3rd- and other odd-order 
distortion components as illustrated in Table 2. No dc-displacement or other even-order 
distortion components are generated as long as the nonlinear system is stable. A loudspeaker 
may become unstable if a motor with an equal-length coil–gap configuration is combined with a 
soft suspension [30].  
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Asymmetrical nonlinearity generates high 2nd-order distortion 
(IMD2, HD2) 

 

Table 2 Relationship between shape of nonlinearities and the generated odd- and even-order 
distortion components   

Other nonlinearities, such as the inductance of a driver without shorting ring, the Doppler effect 
and wave steepening, have a distinct asymmetry that is difficult (inductance) or impossible 
(wave steepening) to eliminate. Asymmetric nonlinearities generate primarily even-order 
distortion. However, since these nonlinearities are usually part of a feedback loop (a 
characteristic of systems that can be described with a nonlinear differential equation) odd-order 
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distortion components are also generated by multiplying the even-order distortion with the 
fundamental component.   

5.2. Soft- and hard-limiting nonlinearities 

Another obvious feature of the nonlinear curve shape is the steepness of the curve. Motors where 
coil and gap have the same length become nonlinear at relatively small displacement as shown as 
dashed line in Figure 5. Conversely, a large voice coil overhang causes a plateau where the force 
factor is almost constant over a certain range as shown as solid line in Figure 5. However, when 
the coil leaves the gap the force factor decays at a much higher rate than the equal-length 
configuration. For high displacement of half the coil height (x=+-5 mm) both configurations give 
the same force factor value (Bl = 2.5 N/A) neglecting the influence of the fringe field.  If both 
curves are expanded into a power series the coefficient of the quadratic term is dominant for the 
equal-length configuration but the overhang coil will result in a dominant higher-order 
coefficient.  
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Figure 22: Spectrum of distorted two-tone stimulus in sound pressure output generated by a force 
factor Bl(x) of an equal-length coil configuration  
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Figure 23: Spectrum of distorted two-tone stimulus in sound pressure output generated by a force 
factor Bl(x) of an overhang coil-gap configuration  

The steepness of the nonlinear curve directly corresponds with the energy of the higher-order 
components.  

Figure 22 shows the spectrum of the distorted two-tone signal caused by the force factor 
nonlinearity of the equal-length configuration. Clearly the third-order distortion is maximal and 
the fifth- and higher-order components rapidly decay. A nonlinearity with a more distinct onset 
like the Bl(x) of an overhang coil produces larger higher-harmonics as shown in Figure 23.   

While these spectra are measured at a particular voice coil displacement (xpeak= 5mm) it is also 
interesting to investigate the dependency of the spectrum characteristics on the displacement 
(which stands for the amplitude of the excitation).  
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Figure 24: Total harmonic distortion (THD) in percent  versus voice coil displacement for a 
motor with an overhang coil (thick line) and with an equal-length configuration (dashed line).  
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Figure 24 shows total harmonic distortion (THD) for both configurations simulated at the 
resonance frequency versus voice coil displacement x. Since the equal-length configuration 
causes an early Bl(x) decay, the distortion rises almost linearly with displacement.  The equal-
length configuration produces 30 % THD at xpeak=2.5 mm  but the distortion of the overhang coil 
is about 5 %. At higher displacements the distortion of the overhang coil rises at a much higher 
rate to almost the same value as the equal-length configuration.  
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Figure 25: Amplitude of 3rd, 5th and 7th-order harmonic distortion components in sound pressure 
versus displacement for an equal-length configuration 

It is also interesting  to investigate the dependency of each distortion component versus 
displacement. Figure 25 shows the 3rd-,5th- and 7th-order distortion generated by the equal-length 
configuration versus displacement on a double logarithmic scale. Below 2 mm all the curves are 
almost perfectly straight lines whose gradient rises with the order of the distortion. This is typical 
for a weakly nonlinear system with a smooth curve shape (soft nonlinearity). The third-order 
distortion is below 5 % and the higher-order distortion components are practically negligible.  
The large signal domain starts at 3 mm where the amplitude compression starts and all of the 
distortion curves rise at a smaller rate. Due to the feedback loop in the nonlinear differential 
equation the distortion components reduce the fundamental and disturb their own generation 
process.  Even at 5 mm displacement the 7th-order distortion is 25 dB below the 3rd-order 
component. 
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Figure 26: Amplitude of 3rd, 5th and 7th-order distortion components in sound pressure versus 
displacement for an overhang coil   

Figure 26 reveals a completely different behavior of the overhang coil. This behavior is 
characteristic of a hard-limiting nonlinearity. In the small signal domain all of the curves are also 
straight lines but now rise at the same rate. Furthermore, low and higher-order components 
contribute almost the same distortion level.  At xpeak=3 mm the onset of amplitude compression 
indicates the large signal domain. Also here the distortion components stay at about the same 
order of magnitude.  

These simulations show pros and cons of the two configurations: The overhang coil clearly gives  
much less distortion at low and medium amplitude (below the onset point of the hard limiting 
nonlinearity) while the equal-length configuration (representing a soft limiting nonlinearity) 
produces low-order distortion at low amplitudes. Operating the loudspeaker in the full large 
signal range where the coil is half out of the gap, the overhang coil produces higher-order 
harmonics of larger amplitude than the equal-length coil. Since the higher-order components are 
located at larger distance from the fundamental components they are less masked by our auditory 
system and will more likely degrade the subjectively perceived sound quality. 
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Figure 27: Twisted force factor characteristic  

5.3. Twisted Curves  

A third graphical feature of the curve shape is the gradual change of the asymmetry causing a 
twisted curve shape. For example Figure 27 shows a Bl-curve which has a distinct maximum at 
x=2.5 mm. However, the force factor decays at a much higher rate for positive displacement than 
on the left slope towards negative displacement. Thus, the force factor is lower at a positive 
displacement of  +10 mm than for –10 mm. Such a  twisted curve shape has a characteristic 
effect on the distortion as shown in  

Figure 28.  
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Figure 28: 2nd-order harmonic distortion versus displacement of a motor with asymmetric force 
factor characteristic as shown in  Figure 27. 

At small displacements (x < 4 mm peak) the 2nd-order distortion rises with the displacement as 
expected. The distortion falls for medium amplitudes (4 mm < x < 8 mm peak) and rises again at 
high amplitudes. Thus, if the direction of the asymmetry varies with displacement some effects 
can be compensated for. This example also shows that a distortion measurements at one 
amplitude level can not give a comprehensive description of the large signal behavior. 

6. SYMPTOMS OF LOUDSPEAKER NONLINEARITIES 
After discussing the effect of the nonlinear curve shape in general, the physical particularities of 
the dominant loudspeaker nonlinearities shall be investigated in greater detail. In this section 
characteristic symptoms for each nonlinearity will be shown. Table 3 anticipates the result of the 
following discussion. The cross-symbol (X) shows measurements which provide meaningful 
symptoms for the particular nonlinearity. The star (*) marks unique symptoms which are 
sufficient to identify the cause of the distortion. 
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SYMPTOMS GENERATED IN MONITORED STATE VARIABLE 
Sound  Pressure Current Displacement

Nonlinearities 

HD IMD 

(bass 
sweep) 

IMD 

(voice 
sweep) 

AMD 

(voice 
sweep) 

HD IMD 

(bass 
sweep) 

IMD 

(voice 
sweep) 

Xdc 

Kms(x) 
suspension (spider 
+surround) 

X       X* 

Bl(x) 
electro-dynamical 
motor 

X X X X    X* 

Le(x) 
position of coil in 
the gap 

 X X X  X* X  

Le(i) 
“flux modulation” 

X X X X X* X* X  

 Geometry  
of Cone and 
suspension  

X X X X     

Young’s-modulus 
E(�)  
of cone and 
suspension   

X X X X     

Flow resistance 
RA(v) 
in ports of vented 
enclosures 

X        

Doppler Effect 
radiation of sound 
waves 

 X X      

Wave Steepening 
sound propagation 
at high SPL 

X  X      

* provides unique symptoms which are sufficient for the identification of the nonlinearity.    
 
Table 3 Characteristic symptoms such as harmonic distortion (HD), intermodulation distortion 
(IMD), amplitude modulation distortion (AMD), dc-displacement (Xdc) of the dominant 
loudspeaker nonlinearities (unique symptoms are represented by �) 
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Nonlinearity Harmonic Distortion DC Displacement 

Kms(x)   HDn 

pressure

frequency 
0 

pressure

fs 

30
 
% 

 

fs frequency
0 

Xdc unique 
symptom softer side of 

suspension 
1 mm - 

 

Bl(x)  HDn 

pressure

frequency 
0 

pressure

fs 

30
 
% 

 

 

fs frequency

unstable 
0

Bl-maximum 

2fs 

Xdc

5 mm - 

 

Le(x)  HDn 

frequency 
0 

pressure

fs 

1 
 
% 

 

Xdc 

fs frequency

0 

0,1 
 
mm

L(x)-
maximum 
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Le(i) EHDn 

% 

sound pressure 

f 1 20fs fs 4fs 

current 

3 - 

 

 

not generated 

Variation of 
Geometry or  
Young’s-
modulus E(�)  
 

EHDn 

% 

sound pressure at 
point r1 

f 1 
fs 10fs current 

3 - 

0 

 

 

 not generated 

Flow 
resistance 
RA(v) 
in ports  

HDn 

fp frequency

0 

20 
 
% 

port 
resonance 

Xdc 

fp frequency

0 

0.5 
 
mm

port 
resonance 

Doppler 
Effect negligible  not generated 
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Wave 
Steepening 
sound 
propagation 
at high SPL 

 

HD 

frequency 
0 

sound 
pressure 

10 
 
% 

HD2 

HD3 
6 db /oct. 

12 db /oct. 

 

 not generated 

 

Table 4: Characteristic frequency response of harmonic distortion and dc-displacement.  
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Nonlinearity Intermodulation 

(Voice Tone Sweep) 

Intermodulation 

(Bass Tone Sweep) 

Kms(x)  negligible negligible 

Bl(x) 

IMD 

% 

f 220fs 7fs 

AMD 
20 

current 

 

IMD 
% 

sound pressure 

f 12fs 0.5fs fs 

current

20 - 

AMD 

 

Le(x) 
IMD 

% 

f 220fs 7fs 

current 

sound pressure
20 - 

 

IMD 

% 

sound pressure 

f 12fs 0.5fs fs 

current 

20 - 
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Le(i) IMD 

% 

f 220fs 7fs 

current 

sound pressure
3 - 

IMD 

% 

sound pressure 

f 12fs 0.5fs fs 

current 

3 - 

Variation of 
Geometry 
and  
Young’s-
modulus E(�)  
 IMD 

% 

f 2
20fs fs 

AMD 

10 

IMD 
% 

sound pressure 

f 12fs 0.5fs fs 

10 - 

AMD 

 
Flow 
resistance 
RA(v) 
in ports  

negligible negligible 

Doppler 
Effect 

IMD 

% 

f 220fs 7fs 

AMD 
0 

10 

sound pressure 

 

IMD 

% sound pressure 

f 12fs 0.5fs fs 

AMD

10 - 
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Wave 
Steepening 
sound 
propagation 
at high SPL IMD2 

% 

f 220fs 7fs 

AMD 
0 

10 

sound pressure 

f1=2fs 

 

not applicable 

 

Table 5: Characteristic frequency response of intermodulation distortion.  
 
 
 
 
 

6.1. Symptoms of Kms(x) 

Table 1 shows that the restoring force F=Kms(x)x of the suspension is a function of the 
displacement x only. Since displacement is a low-pass filtered signal, the multiplication of x with 
x will produce distortion components (both harmonic and intermodulation) which are restricted 
to low frequencies (for a soft limiting suspension below 5fs). A stimulus comprising  a low and 
high frequency tone will not produce significant intermodulation components because the 
displacement of the high frequency tone is too small. Harmonic distortion measurements 
provides a sensitive but not unique symptom of the Kms(x)-nonlinearity as illustrated in Table 3. 

If the Kms(x)-curve is asymmetric, the generated dc displacement Xdc is a characteristic symptom. 
Low frequencies which contribute to the ac-displacement contribute to the dc-component as 
shown in Table 4. The dc-displacement Xdc(fs) at the resonance frequency fs is a unique symptom 
for the Kms-nonlinearity. As discussed in greater detail below none of the other dominant 
nonlinearities can produce a significant dc-component at fs.  

The sign of the dc-part is also a valuable information. The dc-part always moves the coil  
towards the side where the suspension is softer. If the Kms(x) curve is not twisted the dc-part 
always has the same polarity and is independent of the amplitude and frequency of the stimulus. 
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6.2. Symptoms of Bl(x) 

The Bl(x)-nonlinearity causes two effects as shown in Table 1, namely the nonlinear damping 
and the parametric excitation. Both effects generate high harmonic distortion at low frequencies 
where displacement, current and velocity are high. The response is almost similar to response  
caused by the Kms-nonlinearity. Thus the harmonic distortion measurements provide no unique 
symptoms to distinguish between Bl(x) and Kms(x) nonlinearities. 

However, the parametric excitation produces high intermodulation distortion in the upper audio 
band if the first tone provides high displacement and the second tone sufficient current.  Table 5 
shows a typical IMD- response versus frequency f1 varied at low frequencies  (0.5fs < f1 <2fs) 
while keeping the voice tone at f2=10fs. The IMD components measured in the sound pressure 
output are significantly higher than in the current signal. Both curves decrease with frequency 
because the displacement vanishes above resonance. 

Table 5 shows typical IMD and AMD responses measured by using the alternative sweeping 
technique where the bass tone is at f1 = 10 Hz but the voice tone is varied in the audio band. 
Since Bl(x) produces amplitude modulation both measures give identical values. Both values are 
also independent of the frequency because the fixed bass tone provides constant peak 
displacement.  

The parametric excitation also generates a dc-displacement if the Bl(x)-curve is asymmetrical. 
However, the sign of the dc-part depends on the phase of current and displacement multiplied 
with each other and gives the typical response shown in Table 4. 

A single tone below resonance also generates a relatively small dc-part which moves the coil 
towards the Bl-maximum. This behavior may partly compensate for an offset in the coil’s rest 
position. The dc-part vanishes at the resonance where current and displacement become 90 
degree out of phase. At higher frequencies the self-centering behavior reverses and the coil has 
the tendency to slide down on either slope of the Bl(x)-curve. Even in a perfectly symmetrical 
Bl(x) curve a small disturbance may initiate this coil-jump-out process. This shows that the 
electro-dynamic transducer is potentially unstable. The dc-force generated by the motor interacts 
with the stiffness of the suspension at dc. Unfortunately some suspension materials have a 
significantly lower stiffness at dc than at resonance frequency fs [24]. Consequently the visco-
elastic properties of the suspension material are important for the stability of the motor structure. 
The zero point of the dc-part (Xdc=0) at fs is usually a unique symptom of the Bl(x)-nonlinearity. 
A zero point can only be produced by other nonlinearities (Le(x) and Kms(x)) if the curve is 
twisted or if the dc-components of two different asymmetrical nonlinearities cancel out each 
other.    

6.3. Symptoms of Le(x) 

The Le(x)-nonlinearity supplies distortion directly into the electrical circuit which can easily be 
detected in the input current. According Table 1 this nonlinearity multiplies current and 
displacement which are differentiated afterwards.  



 
 

 
44  

An Le(x)-nonlinearity produces relatively low harmonic distortion. At low frequencies both 
current and displacement are high but the differentiator attenuates the harmonics. At the 
resonance the current is low and at higher frequencies the displacement vanishes.  

However, a two-tone signal may activate high intermodulation distortion because the low 
frequency tone f1 provides high displacement and the high frequency tone f2 sufficient current. It 
is a unique feature of the Le(x)-nonlinearity that the IMD detected in the current equals the IMD 
found in the sound pressure output. This is illustrated in Table 5 where the bass tone is varied 
and the distortion decays above  resonance frequency.   

Table 5 shows the IMD measured with the alternative sweeping technique where the voice tone 
is varied while keeping the bass tone at a constant frequency. This curve reveals the effect of the 
differentiator which causes an increase of about 6 dB/octave in the IMD and AMD response. 

The reluctance force generates a unique symptom in the dc-displacement as shown in Table 4. 
Since the reluctance force is proportional to the squared input current, the force becomes 
minimal at the resonance frequency fs. Furthermore, the force and resulting dc-displacement do 
not change the sign as long as the Le(x) curve shape is not twisted.   

 

6.4. Symptoms of Le(i) 

The variation of the permeability expressed by the current varying inductance Le(i) causes a 
multiplication of current signals prior to the differentiation as shown  Table 1. The 
intermodulation distortion measurement with varying bass tone frequency reveals a unique 
symptom. The IMD response has a characteristic minimum at the resonance frequency fs as 
shown in Table 5. The IMD distortion and the harmonic distortion at higher frequencies 
measured in sound pressure and current are also identical. Contrary to the displacement varying 
nonlinarities (Bl(x), Kms(x) and Le(x)) this nonlinearity can also produce significant harmonic 
distortion (HD, THD) in both the input current and sound pressure output as shown in Table 4.  
Single tone harmonic distortion in current and sound pressure are comparable after transforming 
both results into the equivalent input distortion (EHD).  

 

6.5. Symptoms of varying Cone Geometry 

This mechanism is directly related with the occurrence of break-up modes. Thus the distortion 
components are generated at relatively high frequencies (>10fs). The distortion can easily be 
measured in the acoustical output but is hardly detectable in the input current. Comparing both 
measurements may be helpful to separate motor nonlinearities. Maxima in the frequency 
response of the equivalent harmonic input distortion (EHID) corresponds with break-up modes 
of high amplitude.  
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Scanning the cone and suspension surface and measuring the distortion directly in the 
mechanical system would give deeper insight into the nonlinear process.   

The intermodulation between a low and high-frequency tone is mostly amplitude modulation. 
The variation of the surround geometry changes the mechanical impedance at the end of the cone 
and  has significant impact on the amplitude of  particular modes.   

6.6. Symptoms of nonlinear E-modulus  

The variation of the Young’s E-modulus produces similar symptoms as those due to variation of 
the cone and surround geometry. The measurement of harmonic distortion in the sound pressure 
output gives significant symptoms.  

Intermodulation measurements should avoid a low frequency component because a bass tone 
will cause a significant deformation of the surround geometry which dominates the material 
nonlinearities.  

6.7. Symptoms of the Port Nonlinearity 

To evaluate the performance of the port the vented loudspeaker system is excited at the port 
resonance frequency (Helmholtz resonance) where volume velocity q is maximal but the 
displacement of the loudspeaker minimal. The harmonic distortion is measured in the sound 
pressure output at 1 m distance to get a good signal-to-noise ratio. Measurements closer to the 
port may be affected by air convection. To separate the effect of the port from other loudspeaker 
nonlinearities the displacement of the cone is also measured by using a laser system. The 
equivalent harmonic input distortion calculated from the sound pressure signal and the 
displacement become comparable, and the difference shows the contribution of the port. The 
third-order harmonic are usually dominant if the port geometry is symmetrical. Measurements of 
intermodulation distortion will not provide unique symptoms. 

6.8.  Symptoms of the Doppler Effect 

The harmonic distortion measurement is not useful for detecting the Doppler effect. A single 
signal tone can not provide both sufficient displacement and a short wavelength to produce a 
significant phase shift. The Doppler effect can be easily detected by performing an 
intermodulation measurement with a varying voice tone as illustrated in Table 5. Similar to the 
Le(x)-nonlinearity the intermodulation rises by 6dB per octave to higher frequencies. However, 
the Doppler effect causes only phase modulation and the value of the amplitude modulation 
(AMD) is low. Clearly the Doppler effect can not produce any distortion in the displacement and 
in the input current.  

6.9. Symptoms of Wave Steepening 
The nonlinear sound propagation is related to the multiplication of sound pressure components. 
Thus this nonlinearity produces not only intermodulation but also significant harmonics. This is a 
unique symptom that distinguishes Doppler effect from wave steeping. The 2nd-order distortion 
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rises by 6dB per octave while the 3rd-order distortion usually rises at a higher rate because it is 
generated from the 2nd-order components by an additional multiplication and differentiation in 
the following horn sections [14] . 
 

7. PRACTICAL DIAGNOSTICS 

The interaction and superposition of the different effects are now discussed on three real  
loudspeakers:   

7.1. Speaker 1 with Coil offset 

The first loudspeaker is a 6 inch woofer intended for high quality consumer application. The 
force factor characteristic Bl(x) as shown in Figure 29 reveals a distinct plateau region 
corresponding with a voice coil overhang of about 6 mm. .  
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Figure 29: Measured force factor Bl(x) versus displacement of speaker 1 (dashed curve shows the 
mirrored Bl(-x)-characteristic)  

The optimum rest position of the voice coil can be found by investigating the symmetry of the 
Bl-characteristic in Figure 30. Assuming a sinusoidal displacement of given amplitude, the coil 
will not see the same Bl-values at positive and negative peak displacement if the curve is 
asymmetric. By shifting the coil (offset) to the symmetry point (red dashed line in Figure 30) the 
same Bl-values at positive and negative peak values may be accomplished for a particular 
amplitude. If the symmetry point is independent of the amplitude then the asymmetry can 
completely be compensated by a constant voice coil shift. However, a compromise may be  
required as in the example shown in  Figure 30 where the symmetry point varies from –3 mm at 
low amplitudes to –2 mm at higher amplitudes. The symmetry region (grey area) shows where a 
potential offset for a given amplitude generates small asymmetrical variation (< 5 %) which are 
acceptable.  At small amplitudes where the Bl(x)-curve has the plateau, the symmetry region is 
wide indicating that the position of the overhang coil is not critical here. For larger amplitudes 
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the voice coil has to be shifted by a negative offset (about -2 mm) that the coil leaves the gap 
symmetrically.   

The rest position of the voice coil in the gap is optimal if  the dotted line representing the rest 
position (offset=0) is in the symmetry region (grey area). If this is not the case the symmetry 
point gives some indication for a voice coil shift. 
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Figure 30: Symmetry point (red dashed line) and symmetry region (grey area) reveal an offset in 
the coil’s rest position of  speaker 1. 

The stiffness curve shown in Figure 31 has also a small asymmetry and Kms(x) increases for 
negative excursions to twice the value found at positive values. After removing 80 % of the 
surround material the measured stiffness of the remaining spider was almost symmetrical.  
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Figure 31: Stiffness Kms(x) versus displacement x of speaker 1 (dashed curve shows mirrored 
Kms(-x)-characteristic)  
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Figure 32: Inductance Le(x) versus displacement x of speaker 1  

Figure 32 shows an almost symmetrical shape of the Le(x) which is not typical for this type of 
driver. The missing increase at negative displacement indicates that a shorting ring is used below 
the gap. The remaining maximum of inductance at x=0 may be reduced by placing an additional 
cap on the pole piece. However, the total inductance value is small (compared with the Re= 3.5 
Ohm) and will not produce significant variation of the input impedance.  
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Figure 33: Inductance Le(i) versus current i of speaker 1  

The variation of the voice coil inductance Le(i) as shown in Figure 33 shows that the 
permeability of the magnetic path is almost constant.  Here the permanent field generated by the 
magnet is much higher than the ac field generated by the coil.   



 
 

 
49  

-7.5 

-5.0 

-2.5 

0.0 

2.5 

5.0 

10.0 

10 20 40 60 80 100 200 400

    
mm  

Frequency        Hz 

1.00 V 

7.00 V 

4.00 V

10.00 V 

    
peak 
values 

    
bottom 
values 

 

Figure 34: Measured peak and bottom value of voice coil displacement of speaker 1 versus 
frequency measured at four voltages  

Figure 34 shows the peak and bottom of the voice coil displacement measured at four different 
voltages by a laser displacement meter. The shape of the curves varies with the input voltage. For 
U=1V the maximum of the  displacement is far below resonance due to the high electrical 
damping and the low total loss factor Qts of the driver. However,  at high voltages the electrical 
damping decreases (with 1/Bl(x)2) and the Qts becomes greater than 1.  At frequencies shortly 
above resonance the bottom value stagnates at –2.5 mm while the peak values rise rapidly with 
the input voltage. This corresponds with a dc-part generated in the displacement. This is 
investigated in Figure 35 in greater detail. 
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Figure 35: Measured dc-displacement of speaker 1 measured versus frequency and at four 
voltages  
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The sign of the dc part changes at the resonance frequency fs =35 Hz. For frequencies below fs 
the dc part is about -0.5 mm and stays almost constant for high amplitudes of the ac signal. Here 
the asymmetry of Bl(x) generates a dc-force which moves the coil towards the Bl-maximum. At 
frequencies above fs the consequences of the voice coil offset become obvious. The dc part 
becomes positive and rises quickly with amplitude (coil jump-out effect).  The asymmetry of the 
stiffness Kms(x) as shown in Figure 31 generates a positive contribution to the dc-part and the 
inductance Le(x) a negative dc. However, both parts are negligible in comparison to the dc-part 
generated by Bl(x).   
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Figure 36: Sound pressure response Pr(f, Ui ) measured at four voltages (3 V increments) which 
are referred to Ui=1 V to reveal the amplitude compression of the fundamental in speaker 1 

Figure 36 shows the frequency response of the fundamental in the sound pressure output 
measured at four voltages but referred to the measurement in the small signal domain (U1=1V ) 
according  Eq. (1). Since the increase of the voltage is compensated this representation shows the 
power compression directly. At higher frequencies where the displacement becomes small there 
is no compression and the sensitivity stays constant. If the measurement time would be extended 
the heating of the coil would cause an additional amplitude compression (thermal effect). At low 
frequencies the SPL reduces by 8 dB due to the nonlinear effects. At the resonance the vanishing 
electrical damping causes a negative compression and the loudspeaker produces more output. 
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Figure 37:  Equivalent total harmonic input distortion (ETHD) measured in the sound pressure 
output (thin curve) and in the voice coil current (thick curve) of speaker 1 

The displacement varying force factor Bl(x) and stiffness Kms(x) generate high total harmonic 
distortion in the sound pressure output and in the voice coil current.  To compare both signals the 
concept of equivalent input distortion according Eq. (8) is used. The distortion components 
measured in sound pressure output and current are transformed to the input (which is a voltage 
for a normal amplifier with low output impedance) and are presented in Figure 37 as thin and 
thick curves, respectively. At higher frequencies (f > 200 Hz) the distortion components in the 
current are very low (less than 0.5 %) and are caused by the Le(i)-nonlinearity. The other 
nonlinearities (Bl(x), Le(x) and Kms(x)) are displacement dependent and can not generate 
significant harmonic distortion.  At particular frequencies e.g. 400 Hz and 800 Hz, nonlinearities 
in the mechanical domain (cone break-ups) produce additional distortion which interfere with the 
distortion found in the current. Cancellation of the two distortion components only occurs at 250 
Hz but both parts usually increase the total distortion at other frequencies.  
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Figure 38:  Total intermodulation distortion (IMDTotal) of speaker 1 measured in sound pressure 
and  in voice coil current and amplitude modulation distortion (AMD) in the sound pressure 
versus frequency  f2 of the voice tone (constant bass tone at  f1=10 Hz)  

Figure 38 shows the intermodulation distortion measured with a two-tone stimulus comprising a 
voice tone with variable frequency f2 and a bass tone at fixed frequency f1=10 Hz. The total 
intermodulation IMDtotal,  measured in the sound pressure output and shown as thin line, are 20 
dB higher than the intermodulation found in the input current which are shown as dashed line. 
Thus the intermodulation components caused by Le(x) and Le(i) are almost negligible compared 
with the contribution of the other nonlinearities.  

Figure 38  also shows that the intermodulation distortion components below 2kHz are caused by 
amplitude modulation (AM). For frequencies below 400 Hz the AMD and IMD-values are almost 
constant which is typical for the Bl(x)-nonlinearity as illustrated in Table 5. At 400 Hz the cone 
performs the first partial vibration which is modulated by the varying surround geometry.  Above 
2 kHz the rising distortion is generated by frequency modulation.  
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Figure 39:  Measured and predicted intermodulation distortion (IMDtotal) of speaker 1 compared 
with the contribution of each nonlinearity (sweeping the voice tone)  

Further insight into the generation of the intermodulation distortion may be gained with use of  
the simulation tool (SIM2) of the Distortion Analyzer [26] where the total intermodulation can 
be predicted and the contribution of each nonlinearity can be investigated systematically.  

The predicted and measured curves as shown in Figure 39 agree very well. The nonlinear cone 
vibration is not considered in the model but can easily separated from the motor and suspension 
nonlinearities. Considering the contribution of the Bl(x) only and switching off all of the 
remaining nonlinearities (Kms(x)=const., Le(x,i)=const., …) the calculated IMD distortion is 
presented as dotted a curve. This curve is constant according to the theoretical shape presented in 
Table 5 and is the same order of magnitude as the predicted curve considering all nonlinearities. 
The distortion below 2kHz can be significantly reduced by shifting the rest position of the coil 
1.5 mm toward the back-plate. Above 2kHz the Doppler effect becomes dominant and produces 
significant phase modulation, shown as the dashed line in Table 5. However, phase modulation 
has less impact on the perceived sound quality than amplitude modulation which is perceived as 
an unpleasant roughness in the reproduced signal.  

The predicted intermodulation generated by Le(x) corresponds with the small values found in the 
input current in Figure 38 . 

   The low IMD values of the stiffness Kms(x) correspond with Table 3 showing that 
intermodulation distortion is not a significant symptom of the suspension nonlinearity.   
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Figure 40:  Measured instantaneous crest factor of harmonic distortion (color coded) plotted 
versus frequency and voice coil displacement 

Finally the loudspeaker  is checked for transient and impulsive distortion which have a high peak 
value but a relatively low rms-value. Figure 40 shows the instantaneous crest factor ICHD which 
is coded by the color and displayed versus frequency (x-axis) and displacement (y-axis). Below 7 
mm the crest factor of  harmonic distortion is less than 10 dB (blue to red) which is typical for 
regular nonlinearities in the motor, suspension or cone. However, at high positive displacement 
occurring at low frequencies (f  < 40 Hz) the crest factor exceeds 10 dB (becoming black) which 
indicates a nonlinear mechanism producing short clicks at the particular coil position. Further 
examination of the driver revealed that the flex wires hit the cone at this point. 
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7.2. Speaker with Suspension problem 
Loudspeaker 2 is a 5 inch woofer which is also intended for consumer application.  
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Figure 41: Force factor Bl(x) versus displacement of speaker 2 (thin curve shows mirrored Bl(-x)-
characteristic) 

The force factor Bl(x) shown in Figure 41 is relatively linear by using a high coil overhang. The 
curve has no plateau but a gradual decay because the fringe field outside the gap is much higher 
than in speaker 1.  
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Figure 42: Stiffness Kms(x) versus displacement x of speaker 2 (thin curve shows mirrored Kms(-
x)-characteristic) 

The stiffness curve in Figure 42 has a severe asymmetry. This is shown to be by the spider 
because a similar curve is found in a second measurement after removing 80 % of the surround 
material.    
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Figure 43: Inductance Le(x) versus displacement x of speaker 2  

The inductance Le(x) is also asymmetric and rises for negative excursion of the coil to the back-
plate. This is typical for a motor without any shorting material. While the inductance Le(x) 
versus displacement varies by 100 % the inductance Le(i) versus input current i in Figure 44 
varies  only by 10 %.   
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Figure 44: Inductance Le(i) versus current i of loudspeaker 2 
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Figure 45: Measured dc-displacement versus frequency measured at four different voltages of 
loudspeaker 2  

The measured dc-displacement as shown in Figure 45 agrees with the asymmetries found in the 
nonlinear parameters. The asymmetric stiffness generates a positive displacement because the 
suspension is much softer for positive than negative displacement. The dc-displacement becomes 
maximal at the resonance frequency where the amplitude of the current is minimal and the other 
nonlinearities give a smaller contribution to the dc-part. At higher frequencies the stiffness 
asymmetry can not produce a significant dc-part because the displacement is small. Only the 
reluctance force generates a small negative dc-displacement in this frequency range and moves 
the coil in a negative direction where the inductance Le(x) becomes higher.  
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Figure 46:  Equivalent total harmonic input distortion  (ETHD) measured in the sound pressure 
output (thin curve) and in the voice coil current (thick curve) of loudspeaker 2 

Figure 46 compares the harmonic distortion found in the input current and in the sound pressure 
output. At the resonance frequency and below, most of the harmonic distortion found in current 
and sound pressure is caused by the nonlinear suspension.  For frequencies above 80 Hz the 
nonlinear inductance Le(i) of Figure 44 generates 1 .. 2 % in the input current.  The distortion 
measured in the sound pressure response show contributions from the other displacement varying 
nonlinearities (Bl(x), Le(x) and Kms(x)) below 1000 Hz and interferences from nonlinear cone 
vibration at higher frequencies.  
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Figure 47:  Equivalent total harmonic input distortion predicted by using all nonlinearities (solid 
curve) and in the sound pressure output (thin curve) and in the voice coil current (thick curve) of 
loudspeaker 2. 

The identified nonlinear parameters allow one to investigate the contribution of each nonlinearity 
in greater detail. Figure 47 shows that the stiffness Kms(x) is the dominant cause for the ETHD. 
The force factor Bl(x) produces only 10 % distortion and the inductance Le(x) produces 1 -2 %.  
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Figure 48:  2nd-order and 3rd-order intermodulation distortion measured in voice coil current and 
sound pressure output of loudspeaker 2 (varying bass tone, f2=500 Hz)  

Figure 48 reveals high 2nd-order intermodulation distortion IMD2 
 20 %. This is caused by the   
Le(x)-nonlinearity because almost the same values are found in the current and pressure signals 
and there is no dip at resonance frequency fs.  Due to the asymmetrical shape of Le(x) the 2nd-
order component IMD2 is much higher than the 3rd-order component IMD3.  

7.3.  Loudspeaker 3 with flux modulation 

Loudspeaker 3 is a 12 inch speaker intended for automotive application. Figure 49 reveals a very 
symmetrical Bl(x) characteristic which is almost constant up to 15 mm peak value.  
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Figure 49: Force factor Bl(x) versus displacement of loudspeaker 3 (thin curve shows mirrored 
Bl(-x)-characteristic)  
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Figure 50: Stiffness Kms(x) versus displacement x of loudspeaker 3 (thin curve shows mirrored 
Kms(-x)-characteristic)  

The stiffness Kms(x) of the suspension as shown in Figure 50  is also almost symmetrical. The 
surround made of thick rubber material causes a minor asymmetry. However, the voice coil 
inductance varies significantly with displacement and current as shown in Figure 51 and Figure 
52, respectively.   
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Figure 51: Inductance Le(x) versus displacement x of loudspeaker 3  
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Figure 52: Inductance Le(i) versus current i of loudspeaker 3 

The asymmetrical shape is typical for a motor without any shorting material. The 3.5 mH 
inductance dominates the electrical input impedance at higher frequencies. During the large 
signal parameter measurement (LSI) the peak value of current and displacement exceeded 15 
ampere and 18 mm, respectively, which caused significant variations of electrical input 
impedance at higher frequencies. The Le(x) is more asymmetric than the Le(i) characteristic.    
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Figure 53: dc-displacement versus frequency measured (dotted line) and predicted by 
considering all nonlinearities (thick line) and the contribution of each nonlinearity Bl(x), Kms(x) 
and Le(x) of loudspeaker 3  

 

Figure 53 shows the frequency response of the dc-displacement measured by a sensor and 
predicted by using the large signal parameters in the simulation software (SIM) [25]). At the 
resonance frequency of 25 Hz the positive dc-part of 0.6 mm is caused by the suspension which 
is softer for positive than for negative displacement as shown in Figure 50. The symmetrical 
Bl(x)-characteristic generates almost no dc-part. However, the asymmetric inductance Le(x) in 
Figure 51 generates a negative dc-part below and above fs. At very low frequencies (10 Hz) the 
negative dc part of the inductance reduces the positive dc-part generated by the suspension. At 
higher frequencies (80 Hz) where the current becomes high again but the displacement is small 
the reluctance force dominates the total dc-displacement. The zero point (Xdc=0) at 50 Hz is not 
generated by an asymmetric Bl(x) but is caused by the interaction of two asymmetrical 
nonlinearities.   
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Figure 54:  Equivalent total harmonic input distortion (ETHD) measured in the sound pressure 
output (thin curve) and in the voice coil current (thick curve) of loudspeaker 3 

The total harmonic distortion measured in sound pressure output and current input are presented 
as equivalent input distortion ETHD in Figure 54. The high inductance nonlinearity Le(i) 
generates high distortion in the input current  (10% at 50 Hz) which dominates the sound 
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pressure output. At 2 kHz the cone exhibits nonlinear vibration but this frequency is far beyond 
the intended working range of the automotive subwoofer.  
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Figure 55:  2nd-order and 3rd-order intermodulation IMD in measured in voice coil current and 
sound pressure output of loudspeaker 3 (varied bass tone, f2= 300 Hz) 

The intermodulation between a variable frequency  bass tone at f1 and the fixed voice tone at 
frequency f2= 300 Hz is shown in Figure 55. Like the harmonic distortion, the intermodulation in 
the current and sound pressure output is of the same order of magnitude. According to Table 3 
this is a characteristic symptom of both inductance nonlinearities Le(x) and Le(i). The 2nd-order 
intermodulation IMD2 has a maximum at the resonance frequency which is typical for Le(x)-
nonlinearity varying with displacement. The 3rd-order distortion IMD3 has a dip at the resonance 
frequency fs which is the characteristic symptom for the Le(i)-nonlinearity because the current 
becomes minimal there.  

Loudspeaker 3 is an example of a speaker which is optimized for linear Bl(x) and Kms(x) 
characteristic by using a long voice coil, a carefully designed  magnetic path and a two-spider 
suspension. Despite the development effort, final cost and weight of the product the driver 
produces a highly distorted output due to the neglected Le(x) and Le(i)-nonlinearities. Applying 
some means for shorting the ac-field can improve loudspeaker 3 significantly.   
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8.  CONCLUSION 

In the last 20 years significant progress has been made in understanding the large signal behavior 
of loudspeakers.  

Reliable models have been developed for displacement and current varying nonlinearities in the 
motor and suspension system. The nonlinear parameters Bl(x), Le(x), Kms(x) and Le(i) can be 
measured dynamically on  loudspeakers, headphones, micro-speakers and other transducers, with 
and without enclosure. Finite element analysis (FEA) can also be used to simulate those 
parameters from geometry and material parameters. The large signal model and the identified 
parameters allow  numerical prediction of the nonlinear symptoms with high precision.  

This opens the way for a new kind of loudspeaker diagnostic: 

�� The nonlinear parameters are easy to interpret and reveal the physical causes almost 
directly. 

�� The effect of each nonlinearity can be investigated separately and the causes for signal 
distortion, instabilities, compression and other nonlinear symptoms can be found. 

�� Design choices can easily be evaluated and the loudspeaker optimized with respect to size, 
weight, cost  and performance 

The knowledge from theory and practical application gives new insight into the general 
distortion measurements and shows how to make such measurements more comprehensive, 
time-effective, critical and easier to interpret. The most important points are: 

�� Nonlinear distortion measurements should be performed at different amplitude levels.    

�� Harmonic distortion measurements assess particular symptoms (HDn, THD, EID, ICHD, 
…) of the loudspeaker. However, using a single tone as stimulus is not sufficient to 
describe the large signal performance comprehensively and to identify all loudspeaker 
nonlinearities. 

�� The stimulus should contains at least two tones at the same time to measure 
intermodulation distortion products which are generated by the multiplication of two 
different state signals (e.g. displacement and current).  The frequency of the tones and 
the sweeping techniques are critical to get results which are easy to explain. The paper 
suggests two techniques (sweeping the bass or the voice tone while keeping the other 
tone at a constant frequency). 

�� The dc-displacement is a very informative symptom. It gives unique clues to identify the  
particular causes and to estimate the asymmetry of motor and suspension nonlinearities.  
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�� The amplitude compression of the fundamental and distortion components is also a 
symptom of loudspeaker nonlinearities. However, it gives no detailed information as to 
the physical cause. 

�� The calculation of Equivalent Input Distortion (EID) is a very useful way of post-
processing the measured distortion.  It suppresses the influence of the linear transfer path 
(mechanical vibration, radiation, propagation, room, sensor) and simplifies the 
interpretation of the distortion responses. In this way distortion measured in 
displacement, current and sound pressure can easily be compared. This gives valuable 
clues for separating motor- and cone nonlinearities. 

�� Measurements of the distortion in the sound pressure output should be performed in the 
near field of the loudspeaker where the signal-to-noise ratio is high. After calculating the 
equivalent input distortion the distortion at any point in the sound field can easily be 
predicted by using the linear transfer function measured at lower amplitudes. 

�� The distortion in the input current gives valuable information about the motor 
nonlinearities.     

�� The crest factor of harmonic distortion (ICHD) describes the smoothness of the 
nonlinearity. It exploits the phase information of higher-order harmonics and indicates 
transient, impulsive distortion caused by loudspeaker defects (e.g. rub & buzz) or 
extremely hard limiting nonlinearities. 

These conclusions lead to a suite of objective measurements which can be accomplished in a 
few minutes. These measurements give a much more comprehensive picture of the large signal 
performance than a traditional harmonic distortion measurement. The results can be 
summarized in a small set of data which is easy to interpret as demonstrated on three 
loudspeaker examples in this paper.  Tables 1 - 5, give a short summary on the dominant 
nonlinearities and characteristic symptoms which may be helpful to apply this knowledge in 
daily work.  
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[57] ABSTRACT 

The present invention features a dynamic speaker hav
ing improved output power and decreased second har
monic distortion. The reduction in second harmonic 
distortion results from a sandwich-type shielding ar
ranged about the stepped pole piece of the speaker. The 
shielding protects the voice coil from a non-symmetri
cal magnetic flux interaction with the air gap between 
the pole piece and the front plate. This reduces the 
second harmonic distortion due to the non-symmetry of 
the minor hysteresis loop formed by the magnetic field 
of the energized voice coil with the static magnetic field 
acting on the ferromagnetic material making up the pole 
piece. Additionally, the decrease in inductance due to 
the location of the nonferromagnetic shielding members 
produces an increase in output. 

14 Claims, 5 Drawing Sheets 
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LOW DISTORTIO:\" DY:\"AMIC LOCDSPEAKER 

FIELD OF THE INVENTION 

The invention pertains to dynamic loudspeakers and, 
more particularly, to a dynamic loudspeaker having an 
increased power output \\'ith reduced harmonic distor
tion. 

BACKGROUND OF THE INVENTION 10 
Present day construction of dynamic loudspeakers 

features a vibrating cone disposed in front of a pole 
piece with surrounding voice coil. The voice coil is 
disposed in a magnetic air gap between the pole piece 
and a front plate. When an audio signal is fed to the 15 
voice coil, the voice coil is caused to reciprocate axially 
within the magnetic air gap about the pole piece. 

The non-symmetric magnetic flux interactions in the 
magnetic air gap during the operation of the loud
speaker have been found to rob the dynamic loud- 20 
speaker of output power, as well as to introduce har
monic distortion. 

The present invention seeks to shield the voice coil 
from non-symmetrical magnetic flux interactions pro
duced in the magnetic air gap between the pole piece 25 
and the front plate. 

Dynamic loudspeakers require a linear magnetic field 
to reproduce sound with minimum distortion. This ·re
quirement becomes most difficult at low frequencies 
and at high power levels, where there is large amplitude 30 
cone and voice coil movement. Improved performance 
can be achieved by fabricating the pole piece with a 
stepped configuration, i.e., a pole piece having first and 
second integral cylindrical sections with an upper cylin
drical section having a wider diameter. 35 

2 
shield the stepped pole piece in the vicinity of the air 
gap from a non-symmetrical interaction with the mag
netic field generated by the voice coil. The sandwich 
arrangement employed by the invention also effectively 
reduces voice coil inductance, thereby improving the 
power output while simultaneously increasing induc
tance symmetry. thereby reducing non-symmetric dis
tortion. This in turn decreases the audible distortion, 
especially the second harmonic. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, there is 
provided a dynamic loudspeaker distinguished by in
creased power output with decreased distortion. The 
dynamic loudspeaker has a cone movably supported 
within a basket. that is in turn supported upon a front 
plate. A back plate is disposed behind the front plate. 
An annular magnet is disposed between the front plate 
and the back plate. A cylindrical stepped pole piece is 
disposed within the annular magnet and supported by 
the back plate. The pole piece forms an air gap with the 
front plate, across which a magnetic flux is created. A 
voice coil is disposed within the air gap between the 
pole piece and the front plate. A pair of first and second 
highly conductive, nonferromagnetic shield members 
are each disposed adjacent the pole piece. The first 
shield member is disposed atop the pole piece, and the 
second shield member is disposed on the underside of 
the pole piece. The first and second shield members 
shield the voice coil from non-symmetrical magnetic 
fll)x interactions created in the air gap, whereby the 
dynamic loudspeaker has increased power output with 
decreased distortion. 

BRIEF DESCRIPTION OF THE DRAWINGS In spite of employing stepped pole pieces, the second 
harmonic distortion has been difficult to eliminate. It is 
created by the non-symmetric interaction between the 
magnetic field generated by the voice coil and another 
magnetic field generated across the air gap through the 
front plate and the pole piece. This other magnetic field 
results from a ceramic magnet disposed adjacent the 
front plate and the pole piece. 

A complete understanding of the present invention 
may be obtained by reference to the accompanying 
drawings, \\ihen taken in conjunction with the detailed 

40 description thereof and in which: 

Shielding techniques have been employed by others 
with various success. These prior art shielding methods 45 
utilize copper plated pole pieces. or the placement of a 
copper cylinder through the air gap. Copper plated pole 
pieces provide only a thin layer of shielding. which is 
not very effective. Placement of a copper cylinder in 
the air gap creates a wider air gap, which in turn re- 50 
duces the power output of the speaker, Another speaker 
construction has introduced a flux-stabilizing ring lo
cated away from the air gap/pole tip and around the 
pole piece adjacent to the back plate. This ring is 
claimed to maintain a constraint level of magnetic en- 55 
ergy in the voice coil gap. 

The present invention has improved the output 
power and lowered the second harmonic distortion of 
the speaker by placing two highly conductive, nonfer
romagnetic members adjacent the magnetic air gap on 60 
opposite sides of the wider section of the stepped pole 
piece. These highly conductive, nonferromagnetic 
members, in addition to the careful selection of other 
structural members of the speaker, produces a twelve 
inch woofer with increased output and low distortion, 65 
particularly low distortion in the second harmonic. 

The highly conductive, nonferromagnetic members 
used in the construction of the invention substantially 

FIG. 1 is a cross-sectional view of one embodiment of 
the dynamic loudspeaker of this invention; 

FIG. 2 is a cross-sectional view of a second embodi
ment of the dynamic loudspeaker of the invention; 

FIG. 3 depicts a cross-sectional view of a prior art 
dynamic loudspeaker without the benefit of the sand
wich-type shielding members of this invention; 

FIG. 4 is a graph illustrating the power output and 
distortion characteristics of a dynamic loudspeaker 
constructed similarly to the speaker shown in FIG. 3, 

without the magnetic flux shielding of this invention; 
and 

FIG. 5 is a graph illustrating the power output and 
distortion characteristics of a dynamic loudspeaker 
constructed similarly to the speaker shown in FIG. 2, 
with the sandwich-type, magnetic flux shielding of this 
invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Generally speaking, the invention features a dynamic 
loudspeaker having improved power output with re
duced second harmonic distortion. The improvement in 
the operating characteristics of the speaker of this in
vention results from two shielding members that sur
round and protect the pole piece of the speaker, The 
harmonic distortion of the inventive loudspeaker has 
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been reduced by more than ten decibels over the two 
octave band between 50 Hz and 200 Hz. 

Now referring to FIG. 3. a prior art loudspeaker 300 

4 
The two embodiments of FIGS. 1 and 2 improve the 

power output and reduce second harmonic distortion. 
as illustrated in FIG. 5. The upper curve A' shows a 
power output approaching 103.5 decibeb, and a second is illustrated. The speaker consists of a felt dust cap 1 

attached to a paper cone 2. Multi-stranded tinsel leads 3 

are affixed to cone 2 and to insulated terminals (not 
sho\m) on the twelve inch steel basket 5. 

5 harmonic output B' of below 65 decibels. This repre
sents a second harmonic distortion of about l .2o/c. 

A split aluminum bobbin voice coil 6 is disposed in an 
air gap 14 between a stepped pole piece 11 and a one
half inch steel front plate 8. 

In the current example. the air gap 14 is characterized 
as a 5.5 kilogauss cylindrical air gap. but the invention is 
not limited to this value and speakers with a different air 

10 gap flux level are feasible. 
A phenolic impregnated cloth spider 4 is disposed 

between basket 5 and the base of cone 2. An annular 
ceramic magnet 9 surrounds the central pole piece 11, 

and is disposed between the front plate 8 and a back 
plate 12 made of three-eighths inch steel. A bolt 13 15 
affixes the pole piece 11 to the back plate 12. A paper, 
anti-buzz washer is disposed between the bottom of 
basket 5 and the top of the front plate 8, as shown. 

The careful selection of the above components of the 
prior art speaker provides a twelve inch woofer with 20 
low distortion, and in particular a speaker with low 
third order harmonics. 

Such a speaker design has a "lower than average" 
level of second order harmonics, as depicted by the 
graph shov,'n in FIG. 4. This graph depicts the general 25 
output power A slightly above the 101.5 decibel level, 
and the second order harmonic output B reaching the 
84 decibel level at 80 Hz. This represents about 13% 
second harmonic distortion. 

In order to improve the second order harmonics of 30 
the above speaker design. the invention has developed 
sandwich-type shielding. In the first embodiment of the 
invention, depicted in FIG. 1, the speaker 100 has been 
fitted with two aluminum shielding pieces consisting of 
a disc 7 and a ring 10. The ring 10 fits around the pole 35 
piece under the wider stepped portion 16, adjacent the 
air gap 14. The aluminum disc 7 fits on the top surface 
17 of the stepped portion 16. as illustrated. The disc 7 

and ring 10 sandwich the pole piece, and effectively 
shield the stem of the pole piece 11 from the magnetic 40 
field generated by the voice coil 6. The sandwich 
shielding reduces inductance, thereby increasing loud
speaker power output, while reducing non-symmetric 
distortion. This in turn decreases the audible distortion, 
especially with respect to the second order harmonics. 45 

One of the advantages of the above sandwich-type 
shielding arrangement of this invention is the ability to 
place a large volume of shielding material about the 
pole piece. The front plate can be sandwiched by appro
priate nonferromagnetic and electrically conductive 50 
material similar to the stepped pole piece to obtain 
lower distortion instead of ·or in addition to the pre
ferred embodiment described herein. Such large vol
ume shielding reduces the need for shielding materials 
within the air gap, with the resulting loss of output 55 
power. 

Referring to FIG. 2, an alternate embodiment of the 
speaker 100 with sandwich-type shielding elements 7 
and 10 of FIG. 1, is illustrated. FIG. 2 depicts a speaker 
200 that replaces disc and ring components 7 and 10 60 
with two copper tubes 18 and 19, respectively. The 
copper tube 18 is disposed on the top 17 of pole piece 
11, and is designed to replace the disc 7, while the cop
per tube 19 is disposed below the stepped portion 16 of 
pole piece 11, and is designed to replace the ring 10. 65 
Both the copper tubes 18 and 19 effectively sandwich 
the pole piece 11 in similar manner to the embodiment 
of FIG. 1. 

The dimensions of any of the parts, and particularly 
the sandwich-type shielding members 7 and 10. respec
tively, can vary with the change of design of the 
speaker 100. Likewise. the elements 18 and 19 can also 
change in size with changes in the speaker design. Any 
non ferromagnetic and electrically conductive material 
can be used for the shielding members including alumi
num and copper, but not limited thereto. 

Since other modifications and changes varied to fit 
particular bperating requirements and environments 
will be apparent to those skilled in the art, the invention 
is not considered limited to the example chosen for 
purposes of disclosure, and covers all changes and mod
ifications which do not constitute departures from the 
true spirit and scope of this invention. 

Having thus described the invention, what is desired 
to be protected by Letters Patent is presented by the 
subsequently appended claims. 

What is claimed is: 
1. A dynamic loudspeaker distinguished by increased 

power output with decreased distortion, said dynamic 
loudspeaker having a cone movably supported within a 
basket. said basket supported upon a front plate, a back 
plate disposed behind said front plate, an annular mag
net disposed between said front plate and said back 
plate, a cylindrical stepped pole piece disposed within 
said annular magnet and supported by said back plate, 
said cylindrical stepped pole piece comprising a first 
cylinder disposed adjacent said back plate. and a sec
ond. wider cylinder integrally disposed upon said first 
cylinder, the outer surface of said second, wider cylin-
der forming an air gap with said front plate, across 
which a magnetic flux is created, a voice coil disposed 
within said air gap between said cylindrical stepped 
pole piece and said front plate, and first and second, 
spaced-apart shield members, each comprising tube-like 
members, each of which is disposed adjacent said cylin
drical stepped pole piece on distal sides thereof, said 
first shield member disposed between said cylindrical 
stepped pole piece and said cone, and said second shield 
member disposed between said cylindrical stepped pole 
piece and said annular magnet, said first and second 
shield members shielding said cylindrical stepped pole 
piece from magnetic flux interactions created in said air 
gap and reducing non-symmetrical voice coil induc
tances, whereby said dynamic loudspeaker has in-
creased power output with decreased distortion. 

2. The dynamic loudspeaker in accordance with 
claim 1, wherein said first and second tube-like members 
each comprise highly conductive nonferromagnetic 
material. 

3. The dynamic loudspeaker in accordance with 
claim I, wherein said first and second shield members 
each comprise highly conductive non ferromagnetic 
material. 

4. The dynamic loudspeaker in accordance with 
claim 1, wherein said first and second tube-like members 
each comprise copper. 
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5. The dynamic loudspeaker in accordance with 
claim 1. wherein said first and second shield members 
each comprise copper. 

6. A dynamic loudspeaker distinguished by increased 
power output with decreased distortion. said dynamic 

loudspeaker having a cone movably supponed within a 
basket, said basket supported upon a front plate, a back 

plate disposed behind said front plate, an annular mag
net disposed between said front plate and said back 
plate, a cylindrical pole piece having first and second 
cylindrical sections forming stepped cylinders, respec
tively, said first cylindrical section of said pole piece 
disposed \vithin said annular magnet and supported by 
said back plate, said second cylindrical section of said 
pole piece forming an air gap with said front plate 
across which a magnetic flux is created, a voice coil 
disposed within said air gap between said pole piece and 
said front plate, and first and second, spaced-apart tube

like members each of which is disposed adjacent said 
pole piece. said first tube-like member disposed between 

said second cylindrical section of sa.id pole piece and 
said cone, and said second tube-like member disposed 
between said first cylindrical section of said pole piece 
and said annular magnet. said first and second tube-like 
members being spaced apart from each other on distal 
sides of said first cylindrical section of said cylindrical 
pole piece adjacent said air gap, said first and second 
tube-like members shielding said pole piece from mag

netic flux interactions created in said air gap. whereby 
said dynamic loudspeaker has increased power output 
with decreased distortion. 

7. The dynamic loudspeaker in accordance with 

claim 6, wherein said first and second tube-like members 

each comprise highly conductive nonferromagnetic 

material. 

6 
10. The dynamic loudspeaker in accordance ""'ith 

claim 6, wherein said first and second tube-like members 
each comprise copper. 

1 1. A dynamic loudspeaker distinguished by in-
S creased power output with decreased distortion. said 

dynamic loudspeaker having a cone movable supported 
within a basket. said basket supported upon a front 
plate, a back plate disposed behind said front plate, an 
annular magnet disposed between said front plate and 

10 said back plate, a cylindrical stepped pole piece dis
posed within said annular magnet and supported by said 
back plate, said cylindrical stepped pole piece compris
ing a first cylinder disposed adjacent said back plate, 
and a second. wider cylinder integrally disposed upon 

15 said first cylinder, the outer surface of said second, 
wider cylinder forming an air gap with said front plate 
across which a magnetic flux is created. a voice coil 
disposed within said air gap between said pole piece and 
said front plate, and first and second, spaced-apart mag-

20 netic flux-shielding members each of which is disposed 
adjacent said pole piece, said first magnetic flux-shield
ing member disposed between said pole piece and said 
cone, and said second magnetic flux-shielding member 
disposed between said pole piece and said annular mag-

25 net, said first and second magnetic flux-shielding mem
bers being spaced apart from each other on distal sides 
of said second, wider cylinder of said cylindrical pole 
piece adjacent said air gap, and each comprising highly 
conductive non-ferromagnetic material, said first and 

30 second magnetic flux-shielding members reducing the 
magnetic flux interactions created in said air gap, 
whereby said dynamic loudspeaker has increased power 
output with decreased distortion. 

12. The dynamic loudspeaker in accordance with 
35 claim 1 1. wherein said first and second magnetic flux

shielding members each comprise aluminum. 
13. The dynamic loudspeaker in accordance with 

8. The dynamic loudspeaker in accordance with 
claim 6. wherein said first and second tube-like members 40 

claim 11 . wherein said first magnetic flux-shielding 
member comprises a substantially solid disc, and said 
second magnetic flux-shielding member comprises a 
ring member. each comprise highly conductive non ferromagnetic 

material. 

9. The dynamic loudspeaker in accordance with 
claim 7. wherein said first and second tube-like members 
each comprise copper. 45 

50 

55 

60 

65 

14. The dynamic loudspeaker in accordance with 
claim 11.  wherein each of said first and second magnetic 
flux-shielding members comprise a hollow cylinder. 

* * * * * 
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[57] ABSTRACf 

A linear motor of the type used to control the radial 
position of a write/read transducer relative to a rotating 
data storage disk comprises an elongated tubular
shaped permanent magnet which concentrically sur
rounds and is spaced, by an air gap, from an elongated 
pole piece of highly permeable material (e.g. steel). A 
selectively energizable coil, concentrically arranged 
between the magnet and pole piece, is adapted to move 
axially in response to an applied current. According to 
the invention, the pole piece supports a plurality of 
"shorting rings" made of high conductivity, low perme
ability material. The shorting rings are embedded in the 
pole piece so as to be coextensive with the surface 
thereof. The spaced shorting rings function as a 
"shorted turn" which operates to reduce the rise time of 
current applied to the coil without significantly reduc
ing the magnetic flux in the air gap through which the 
coil is linearly driven. 

8 Claims, 2 Drawing Sheets 
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SHORTED TURN FOR MOVING COn. MOTORS 

2 
While the sleeve-shaped shorted tum shown in FIG. 

1 offers the advantage of reducing the current rise time, 
it is disadvantageous from the standpoint that it also 
reduces the available flux density in the air gap. Thus, This is a Continuation of application Ser. No. 

873,517, filed Apr. 21, 1992, now abandoned, which is a 
Continuation of application Ser. No. 634,637, filed Dec. 
27, 1990, now abandoned. 

5 while a shorted tum of this type will increase the rate of 
rise of force on the coil, the final magnitude of such 
force will be smaller, since the magnetic field is less. 

BACKGROUND OF TIlE INVENTION SUMMARY OF THE INVENTION 

The present invention relates to the field of data re- 10 In view of the foregoing discussion, an object of this 
cording and playback. More particularly, it relates to invention is to provide a shorted tum configuration 
improvements in radial access apparatus for controlling which acts to reduce the current rise time without sub-
the radial position of a read/write head relative to a stantially reducing the flux density in the gap. The mov-
data storage disk, whereby the head may be moved ing coil linear motor of the invention is characterized by 
from one data track to another to playback or record 15 a shorted tum structure comprising a plurality of short-
data on the disk. ing rings which, according to the preferred embodi-

Linear motors of the moving coil variety are used ment, are spaced apart along the central post of a steel 
extensively in applications requiring linear force-cur- yoke and imbedded in the surface of such post so that 
rent characteristics and fast response. An example of the outside surface of each ring does not protrude above 
such applications is the radial access apparatus used in a 20 the exterior surface of the post. According to an alterna-
conventional disk drive for moving a read/write head tive embodiment, the respective planes of the rings are 

between the various data tracks on an optical, magneto- inclined relative to the central axis of the post to avoid 
optical, or magnetic data storage disk. Such moving coil a force ripple which occurs when the rings are arranged 
radial access mechanisms are disclosed, for example, in substantially perpendicular to the,post axis. A preferred 
U.S. Pat. Nos. 3,521,092; 4,439,699; and 4,603,270. 25 low cost process for producing the shorting rings in the 

FIGS. 1 and 1A illustrate the essential features of a post surface comprises the steps of forming left and 
typical moving coil linear motor M. Such device com- right hand threads in the post surface, and filling such 
prises a coil C wound upon one end of a tubular bobbin threads with molten copper, aluminum, or other high 
10 which supports a load, shown as the read/write head conductivity, non-magnetic material. 
12 of a data recording system. The coil is suspended in 30 The invention and its various advantages will become 
a radial magnetic field produced by a tubular permanent more apparent to those skilled in the art from the ensu-
magnet 14. The tubular magnet is concentrically ar- ing detailed description of preferred embodiments, ref-
ranged with respect to the central post 16 of a cylindri- erence being made to the accompanying drawings. 
cal housing 18 made of steel or other magnetically per
meable material. The outer surface of magnet 14 is press 35 
fit against the inside surface 20a of a peripheral cylindri
cal sleeve 20 of housing 18, and a base portion 22 of the 
housing provides a return path for the magnetic flux F, 
shown in phantom line. Depending upon the direction 
of current flow within the coil, the coil moves in a linear 40 
direction, as indicated by the arrows A, in an air gap G 
defmed by the inside surface of the magnetic member 14 
and the exterior surface of post 16. The coil experiences 
a force directly proportional to the magnetic flux den
sity B provided by magnetic member 14, and the cur- 45 
rent I in the coil, the force on the coil being normal to 
both B and I. As the coil moves linearly in the magnetic 

BRIEF DESCRIPTION OF TIlE DRAWINGS 

FIG. 1 schematically illustrates in cross section a 
voice coil linear motor of the prior art. 

FIG.1A is a cross sectional view of the FIG. 1 motor 
taken along the section line 1A-lA. 

FIGS. 2 and 3 illustrate different preferred embodi
ments of the invention. 

FIG. 4 illustrates an alternative embodiment in which 
the shorting rings of FIGS. 2 and 3 are formed by a 
screw-threading process. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

field, the read/write head 12 moves radially with re- Referring to FIG. 2, the steel housing 18 of FIG. 1 
spect to a data storage disk D, such as an optical, mag- has been modified in accordance with the present inven-
neto-optical, or magnetic disk. A motor M operates 50 tion to include a plurality of grooves 16A in the central 
through a spindle S to rotate the disk 0 about its central post portion 16. Each of these grooves is filled with a 
axis, while the linear motor operates to move the read/- highly conductive, low-permeability material, prefera-
write head 12 along the disk radius to access one of the bly copper or aluminum, to provide a like plurality of 
concentrically arranged data tracks on the disk. shorting rings R. While the term "ring" often cannotes 

Incremental and high speed motion control of the 55 a circular configuration, it should be appreciated that 
read/write head requires rapid changes in the magni- the post portion may have a polygon cross section in 
tude and direction of the force applied to coil C. Since which case the "rings" would be similarly configured. 
the flux density B is fixed, rapid changes in force imply In the shorted tum configuration of FIG. 2, the mag-
rapid changes in current. In order to achieve a short netic flux travels around the shorting rings, i.e., between 
current rise time, it is common practice to enclose the 60 the rings. This has the effect of increasing the surface 
central steel post 16 with a non-magnetic, electrically flux density on the steel post 16, vis-a-vis the shorted 
conductive sleeve 24, commonly referred to as a tum configuration of FIG. 1. Note, however, the over-
"shorted tum." Currents induced in the shorted tum by all reluctance of the gap is not significantly increased, 
the change in flux produced during movement of the since the shorting rings are embedded in the post so that 
coil act to reduce the magnetic flux diffusing into the 65 the outer surface of each ring is substantially co-planar 
high permeability post 16. As a result, the back emf seen with or slightly below the post surface. Thus, the short-
at the coil terminals is reduced, thereby reducing the ing rings tend to reduce the current rise time while not 
current rise time. significantly reducing the air gap flux. 
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In the FIG. 2 embodiment, the axial position of the 2. The apparatus as defined by claim 1 wherein said 

coil with respect to the longitudinal axis A of post 16 conductive members do not protrude beyond the lateral 
can introduce an undesirable force ripple due to the surface of said post. 
nonuniform flux along this axis. Such nonuniformity in 3. A linear motor comprising an elongated member 
flux, of course, results from the fact that the post regions 5 comprising a magnetically permeable material; an elon-
between the shorting rings experience a higher flux gated permanent magnet arranged juxtaposed said elon-
density than the regions directly underlying the rings. gated member and spaced therefrom by an air gap; an 
This force ripple can be significantly reduced by skew- electrical coil surr?unding. sai� el�ngated. mem?er �d 
ing the rings as shown in FIG. 3 where the rings are adapted to move �eru:ly m s:ud alI'.gap m a directIon 
k d t I h . ti t ual to th 10 parallel to the longltudmal axIS of srud elongated mem-s ewe a an ang ea,w erea lS a eas eq e arc . 

I '  fl '  thr h tan ent ofD/d wh r D' th diameter of ost 16 and bc:r m �esponse to an e ectnc current o�ng oug 
. g .' e e ls e . . p , saId COlI; and shorted turn means for rec,lucmg a current d IS t�e spacmg bc:tween th� sho�g rmgs. . rise time within said coil without significantly reducing While the multiple sh?rtm� r.mgs sho�n � FIG: 2 the magnetic flux in the air gap, said shorted turn means 

may be formed �y a routme millin� operatIon m whi�h 15 comprising a pair of spaced electrically conductive, 
gr?oves ar� cut m p.ost 16 b� rotating the post �bout Its non-magnetic, members spiraling about said elongated 
aXIs A while a cutting tool IS moved perpendIcular to member in opposite directions to derme a plurality of 
such axis, the skewed shorting rings shown in FIG. 3 shorted turns along said elongated member. 
are not so easily formed. A low cost method for produc- 4. The apparatus as defined by claim 3 wherein said 
ing skewed shorting rings is to use a thread-cutting 20 conductive members are embedded in said elongated 
machine to cut both right- and left-hand threads 30, 32, member so that respective outer surfaces of said con-
on the post, as shown in FIG. 4. In all three embodi- ductive members do not protrude beyond a lateral sur-
ments, the cut grooves may be filled with copper or face of said elongated member. 
aIuminum by simply dipping the post in molten metal of S. In a data recording/playback system in which 
the type desired Alternatively, molten metal may be 25 informat�on is recorded/played. ba�k along substanti�y 
poured into the cut grooves. concentnc data tracks on a spmnmg . data storage dIsk 

From the foregoing, it will be understood that an by a. record/playback tr�uce�, a Imear actuator �or 
improved voice coil, linear motor has been disclosed in movmg the tr�sducer radIally �Ith !espect to such dIsk 
which multiple shorting rings serve to reduce the cur- to 

.
a�ess a desIred data track., srud �ear actuator ,com-

rent rise time without si ificantiy sacrificing air gap 30 pnsmg an elongat,ed member compnsmg a magnetically 
, gn, . . permeable matenal; an elongated permanent magnet flux denSIty. Such a motor IS readily adapted for use m ed' ta sed 'd el ted b d ed , . , arrang Jux po sal onga mem er an spac ?ata recordmg 

,
systems for rapIdly and pr�clsely locat- therefrom by an air gap; and electrical coil surrounding mg a read/wnte head r�lative to the different data said member and adapted to move linearly within said tracks �n a d�ta storage dIsk. , . .

. 35 air gap in response to an electric current flowing 
. The mvention has been �escnbed m detail W1� par- through said coil, said coil being rigidly coupled to said 

ticular reference to certain preferred embodiments transducer' and shorted turn means mounted on said 
thereof, but it will be understood that variations and elongated 

'
member for reducing a current rise time 

modifications can be effected within the spirit and scope within said coil without significantly reducing the mag-
of the invention. 40 netic flux in the air gap, said shorted turn means com-

I claim: prising a plurality of spaced, electrically conductive, 
1. A linear motor comprising: non-magnetic, members supported by and spiraling 
(a) a housing of magnetically permeable material, said about said elongated member in opposite directions to 

housing having a base portion, a central post ex- derme a plurality of shorted turns along said elongated 
tending outwardly from said base portion, and a 45 member at each intersection of said spiraling members. 
cylindrical outer wall extending outwardly from 6. The linear motor of claim 1 wherein said oppo-
said base portion and concentrically surrounding sitely spiraling conductive members are embedded in 
said post; said post by thread-cutting spiral grooves therein in 

(b) a permanent magnet positioned between the end- opposite directions, and by dipping said post in molten 
less outer wall and the central post of said housing, 50 material of high conductivity and low magnetic perme-
said magnet being spaced from said post by an air ability to thereby fill the grooves. 
gap and being polarized to produce magnetic flux 7, The linear motor of claim 3 wherein said oppo-

sitely spiraling conductive members are formed by across said air gap, said air gap being adapted to thread-cutting opposed spiral grooves around a lateral receive an electric coil which, upon having an 55 surface of said elongated member, and by dipping said electrical current applied thereto reciprocates elongated member in an electrically conductive, non-
along an longitudinal axis of said post; and magnetic material to thereby fill said grooves. 

(c) shorted turn means for reducing the rise time of 8. The linear actuator of claim 5 wherein said electri-
c.urr�nt in a coil p�sitioned in sai� air ga� witho�t cally conductive, non-magnetic. spiraling members are 
Slgnifi�antly reducmg the magneti� �ux m th� alI' 60 formed by thread-cutting opposed spiral grooves 
gap, saId shorted turn means compnsmg oPPOSItely around a lateral surface of said elongated member, and 
spiraling conductive members supported by said by dipping said elongated member in an electrically 
post, said spiraling conductive members compris- conductive, non-magnetic material to thereby fill said 
ing a material of high conductivity and low mag- grooves. 
netic permeability. 65 * * * * * 
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[57] ABSTRACT 

A loudspeaker includes a pole piece that is transversely 
divided into magnetically coupled, but electrically iso
lated first and second sections. The first pole piece sec
tion is surrounded by the voice coil and is magnetically . 
coupled to, but electrically isolated from, the loud
speaker bottom plate. Other versions include pairs of 
loudspeakers with reversed polarity magnets and mag
netic intercoupling for offsetting distortion produced 
therein. 

17 Claims, 5 Drawing Sheets 
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DISTORTION REDUCTION IN LOUDSPEAKERS 

BACKGROUND OF THE INVENTION AND 
PRIOR ART 5 

This invention is generally concerned with magnetic 
distortion reduction in loudspeaker systems. u.s. Pat. 
No. 5,070,530, issued Dec. 3, 1991, to t�e inventors de
scribes and claims a technique for reducing magnetic 10 
distortion that involves correcting for the effects of 
signal-related AC fields produced by the moving voice 
coil of the loudspeaker magnetic structure. The distor
tion producing effects described are inherent in the 
design of prior art loudspeaker magnetic structures and 15 
act both directly on the permanent magnet in the form 
of AC magnetic fields and indirectly through the mag
netic and electric fields resulting from eddy currents 
which are produced by the voice coil energy. The pa
tent teaches loudspeaker distortion reduction by incor- 20 
porating one or more radial slots in one or more ele
ments of the magnetic structure, i.e. the permanent 
magnet, and the top and bottom plates. The slots, which 
act as both electrical and magnetic barriers, effectively 25 
reduce circulating eddy currents in the plates, and mag
netic and dielectric currents in the magnet. 

The present invention is predicated on the fact that 
the pole piece contains a high concentration of AC 
energy, both as magnetic flux and as eddy currents 30 
because of its unique location within the voice coil. The 
invention, which involves isolation and redirection of 
the AC fields and the eddy currents associated with the 
pole piece to minimize interaction with the magnet and 
the bottom plate, has been found to substantially reduce 35 
loudspeaker distortion. In accordance with one aspect 
of the invention, the pole piece is transversely divided 
into two (or more) electrically isolated sections which 
interrupts the electric connection between the pole 40 
piece and the bottom plate, thereby decreasing the elec
tric conduction of pole piece eddy currents in the bot
tom plate. The high concentration of AC flux in the 
pole tip (which has been isolated from the bottom plate) 
is routed into new magnetic return paths to minimize 45 
interaction with the magnet. The new magnetic return 
paths can be arranged around a single speaker driver in 
a single driver loudspeaker system or they may connect 
between speaker drivers in multiple driver loudspeaker 
systems. In multiple driver loudspeaker systems, the 50 
invention also provides the means for establishing mu
tual magnetic AC feedback between the drivers, which 
AC feedback further lowers distortion and minimizes 
the effects of differences between individual drivers. 
The effect is to minimize inaccuracies flowing from the 55 
lack of identical output from the individual drivers in 
multiple driver loudspeaker systems. The invention is 
also of benefit in loudspeaker systems that utilize cross
overs for directing signals in various frequency bands 60 
among different drivers. Integration of the different size 
drivers to effect a coherent, seamless transition through 
the crossover region is greatly improved with the in
vention. Thus the lower distortion and more uniform 
driver characteristics that result from the invention 65 
produce substantial improvements not only in individ
ual speaker drivers but in multiple driver loudspeaker 
systems. 

2 
OBJECTS OF THE INVENTION 

A principal object of the invention is to provide an 
improved loudspeaker system of lower distortion. 

A further object of the invention is to provide a loud
speaker with a novel pole piece construction. 

Another object of the invention is to provide multiple 
loudspeaker systems of significantly lower distortion. 

A still further object of the invention is to provide a 
multiple driver loudspeaker system that compensates 
for differences between individual drivers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and advantages of the inven
tion will be apparent upon reading the following de
scription in conjunction with the drawings, in which: 

FIG. lA is a partial sectional view of a prior art 
loudspeaker magnetic structure illustrating magnetic 
flux paths; . 

FIG. IB is a partial perspective view of the magnet 
structure of a prior art loudspeaker illustrating eddy 
current paths; 

FIG. 2 illustrates a loudspeaker pole piece con
structed in accordance with the invention; 

FIG. 3 is a view illustrating a design variation in a 
loudspeaker pole piece; 

FIG. 4 is a partial cross sectional view of a single 
driver loudspeaker constructed in accordance with one 
aspect of the invention; 

FIG. 5 is a partial bottom perspective view of the 
magnetic structure of the loudspeaker of FIG. 4; 

FIG. 6 is a partial sectional view of a pair of loud
speakers with intercoupled magnetic structures in ac
cordance with the invention; 

FIG. 7 illustrates four similar drivers mounted in a 
square pattern with magnetic feedback interconnec
tions; and 

FIG. 8 shows a pair of loudspeakers, operable in 
different frequency bands, with magnetic intercoupling 
in accordance with the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring to the prior art FIGS. lA and IB, a toroi
dally-shaped permanent magnet 10 is sandwiched be
tween a magnetically permeable top plate 11 and a 
magnetically permeable bottom plate 12. Permanent 
magnet 10 is conventionally constructed of a ceramic 
material. A cylinder-shaped magnetically permeable 
pole piece 13 is centered in a circular opening of top 
plate 11 and is partially surrounded by a voice coil 14 
that is supported for movement within the air gap 
formed between a circular opening in top plate 11 and 
pole piece .13. Voice coil 14 is connected to a source of 
AC signal current (not shown). The dashed curved lines 
18, 19, 20, 21 and 22, with arrows indicating the direc
tion of flow represent a few of the flux paths created by 
the permanent magnet 10 acting through the top plate 
11, bottom plate 12 and pole piece 13. Since the voice 
coil 14 surrounds the pole piece 13, which is the com
mon element in both the AC and DC magnetic circuits, 
the AC flux produced by voice coil 14 sees substantially 
the same magnetic paths as does the DC flux from the 
permanent magnet 10. Thus the magnetic flux paths are 
essentially the same for the permanent magnet 10 and 
for the voice coi1 14. The AC magnetic flux produced 
by voice coil 14 produces distortion directly by acting 
on the magnet 10 to modulate its magnetic field, as 
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shown by flux paths 19, 20, 21 and 22, and indirectly by 
inducing eddy currents into pole piece 13, top plate 11 
and bottom plate 12. Such eddy currents result in mag
netic distortions in the permeable material and generate 
magnetic and electrical fields that are in turn capable of 5 
modulating (and introducing distortion into) the mag
net. 

In FIG. 1B, which is a rear view of a loudspeaker 
magnetic structure, the paths of the AC signal induced 
eddy currents in bottom plate 12 and pole piece 13 are 10 
illustrated. For a given polarity of AC signal in voice 
coil 14, the dashed line 24 shows the direction of eddy 
current flow in pole piece 13. Dashed line 25 represents 
eddy current flow in bottom plate 12 that is electrically 
coupled from pole piece 13. For the same polarity AC 15 
signal, the eddy currents that traverse the outer paths 
illustrated by dashed lines 26 and 27 in bottom plate 12 
rotate in a reverse direction from those illustrated by 
the dashed lines 24 and 25. The difference reflects the 
reversal that occurs as flux travelling up the pole piece 20 
changes direction as it returns through the top plate 11, 
the magnet 10 and the bottom plate 12 as shown in FIG. 
1A. Because the voice coil 14 surrounds the pole piece 
13, the AC flux and the resulting eddy currents are 
highly concentrated. In the prior art, the pole piece is 25 
both electrically and magnetically connected to the 
bottom plate, which allows the concentrated eddy cur
rents to couple into the bottom plate where they oppose 
and partially cancel the reverse rotating eddy currents 
induced by the returning flux. The result is distortion in 30 
the form of smear due to the phase differences between 
eddy currents in the top plate 11, which is not electri
cally connected to the pole piece, and eddy currents in 
the bottom plate, which is electrically connected to the 
pole piece. The resultant electrical fields from these 35 
eddy currents in both top and bottom plates induce 
rotating dielectric currents in the magnet, which adds 
distortion. 

FIG. 2 represents a generalized pole piece construc
tion in accordance with the invention. Here the magnet- 40 
ically permeable pole piece has been transversely di
vided into a first section 33 and a second section 35, 
which are electrically insulated from each other by a 
thin layer of insulation 36. First section 33 is propor
tioned such that it extends for approximately the length 45 
of the voice coil. As a result of the division of the pole 
piece, most of the induced eddy currents in the pole 
piece are confined to first section 33 and are not electri
cally conducted into the base or lower section 35 of the 
pole piece or into the bottom plate 32. Thus, the divi- 50 
sion of the pole piece significantly reduces eddy current 
distortion. As a practical construction, the separate pole 
piece sections 33 and 35 and the insulation layer 36 
(which may be in the form of a washer) can be glued 
together or alternatively, a long insulated center screw 55 
(not illustrated) may be used to secure the pole piece 
sections to the bottom plate. In the latter instance, the 
second pole piece section 35 would have a cylindrical 
hole formed in the center thereof through which the 
insulated center screw would pass. 60 

In FIG. 3, a more complex pole piece structure is 
illustrated. This structure further reduces eddy current 
distortion with an insulated pole extension 48, which 
also helps to linearize the magnetic flux in the vicinity of 
the voice coil and to reduce variations in the voice coil 65 
inductance. In this version, the bottom plate 42 is in 
contact with the second pole piece section 45 which is 
insulated from first pole piece section 43 by thin insulat-

ing washer 46. Another thin insulating washer 47 insu
lates pole extension 48 from first pole piece section 43. 
Slots 41 and 49 are formed in first pole piece section 43 
and pole extension 48, respectively, for further reducing 
distortion by altering the eddy current flow patterns to 
reduce the coupling of the energy therein to other mag
netic circuit elements. The slots also increase the eddy 
current path lengths which increases the resistance of 
these paths. 

In FIG. 4, one preferred form of the invention is 
shown in connection with a single driver loudspeaker. 

The pole piece is transversely divided into an upper first 
section 53 and a lower second section 55. The first 
section 53 has a T-shaped cross section with a leg that 
extends through a cylindrical hole in second section 55 
out beyond bottom plate 52 and terminates in a threaded 
end 58. The interface between the first section 53 and 
the second section 55 of the pole piece consists of thin 
insulation 57 which prevents electrical contact between 
the pole piece sections and reduces electrical conduc
tion of pole piece eddy currents into the bottom plate 
52. Modulation of the permanent magnet 50 by AC 
magnetic fields and by eddy currents is reduced by 
adding a magnetically permeable member 60 that mag
netically couples the first pole section 53 to the top plate 
51. These new flux paths provided by member 60 have 
low reluctance and serve to divert the AC flux away 
from the magnet as indicated by the dashed line 62. The 
effect of the flux diversion is to reduce magnetic modu
lation and distortion in the loudspeaker. 

As best seen in FIG. 5, magnetically permeable mem
ber 60 is substantially V-shaped and is physically at
tached to threaded end 58 of the leg of first pole piece 
section 53 by a suitable nut 59. V-shaped permeable 
member 60 is insulated from bottom plate 52 by means 
of an insulating washer 56. The open ends of V-shaped 
permeable member 60 are insulated from top plate 52 by 
insulation 61. The added magnetic AC flux return paths 
through member 60 are in parallel with the magnet 50 
and reduce the efficiency of the loudspeaker slightly. 
However, a typical loudspeaker magnet has sufficient 
energy reserve to supply extra steady state flux to the 
added paths without significant efficiency loss, e.g. 0.5 
to 1.5 dB, provided permeable member 60 is properly 
proportioned. The relative sizes depicted for member 
60 and the loudspeaker magnet structure shown in FIG. 
5 are satisfactory. It has been experimentally deter
mined that permeable member 60 should have a cross 
sectional area of 30% to approximately 100% of the 
square of the magnet height "H". The spacing "D" 
between the inner surface of the permanent magnet 50 
and the member 60 should be as large as practical and 
preferably greater than one-half of the magnet height 
"H". 

In FIG. 6, two loudspeakers are shown intercon
nected by magnetic feedback for the purpose of reduc
ing both distortion in the individual loudspeaker drivers 
and differences between the individual drivers. A first 
loudspeaker 117 has a permanent magnet 80 mounted 
between magnetically permeable top and bottom plates 
81, 82 respectively. A pole piece is transversely divided, 
in the manner illustrated in FIG. 4, into a T-shaped first 
section 83 and a cylindrical-shaped second section 84, 
with the two pole piece sections being electrically iso
lated from each other by a thin layer of insulation 86. 
Second pole piece section 84 is attached to a bottom 
plate 82 and a voice coil 85 is mounted for movement in 
the air gap formed between the inner circumference of 
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a hole in top plate 81 and first pole piece section 83. The 
voice coil 85 is connected to AC signal input terminals 
88 and 89. A loudspeaker cone 87 is attached to the 
voice coil 85 and to a speaker mounting basket 90. 

A second loudspeaker 118, similar to loudspeaker 5 
117, has a magnet 100 mounted between top and bottom 
plates 101 and 102 and a similarly divided pole piece 
having a frrst section 103 and- a second section 104 that 
are electrically isolated from each other by thin insula
tion 106. Here again, the pole piece has aT-shaped frrst 10 
section with a leg that extends through a cylindrical 
second section, with insulation 106 separating the two. 
A voice coil 105, mounted for movement in an air gap 
formed by top plate 101 and frrst pole piece section 103, 
is also connected to AC signal input terminals 88 and 89. 15 
A cone 107 is attached to voice coil 105 and to a suitable 
loudspeaker basket- 110. The magnets 80 and 100 are 
oppositely polarized as indicated by the polarity mark
ings thereon. Magnet 80 of loudspeaker 117 has its 
North pole adjacent to top plate 91 and magnet 100 of 20 
loudspeaker 118 has its North pole away from top plate 
101. The two voice coils 85 and 105 are wired such that, 
with the same AC signal applied to them, their respec
tive cones will move in the same direction. This is indi
cated by the arrows above each speaker. Because of the 25 
oppositely poled magnets, the voice coils 85 and 105 
must be phase-reversed so as to produce movement in 
the same direction with a common signal. Conse
quently, the AC fields generated by the voice coils are 
also reversed in direction with respect to each other. 30 
Coupling between the reverse direction AC fields estab
lishes a mutual feedback condition between the two 
loudspeaker drivers. Extending the insulated frrst pole 
piece sections out the back of each loudspeaker pro
vides a convenient means for coupling the frrst pole 35 
piece sections. A magnetically permeable bar 121 con
nects the ends 92 and 112 of frrst pole piece sections 83 
and 103 and combines the phase reversed AC signals 
which reduces distortion. The thickness of the insulated 
spacers 91 and 111 should be approximately the same as 40 
the magnet thickness to isolate bar 21 from the bottom 
plates. Additional magnetically permeable conductive 
bars 119 and 120 may be added with coupling bar 120 
being electrically isolated from front plates 81 and 101 
by insulation 122. These additional low reluctance mag- 45 
netic coupling members also couple the opposite poles 
of the two permanent magnets together so that the 
magnets aid each other which stabilizes the loudspeaker 
fixed magnetic circuits to further lower distortion. The 
mutual feedback has an important advantage in mini- 50 
mizing differences between the individual drivers. This 
is referred to as "synchronizing" of the drivers and is an 
unexpected but valuable outcome of coupling reverse 
polarity AC fields between multiple drivers. Without 
this synchronization, prior art multiple drivers, con- 55 
nected to a common signal, produce a diffused sound 
source that approximates the area encompassed by the 
drivers. After the addition of magnetic cross coupling in 
accordance with the invention, the individual drivers 
become synchronized and the apparent sound source is 60 
focused in the center, i.e. between the individual driv
ers. This combination, of improved fixed field magnet 
stability, lower eddy current distortion, and synchroni
zation establishes a level of accuracy previously un
available and unknown from multiple driver combina- 65 
tions. 

In FIG. 7, four loudspeaker drivers, 160, 161, 162, 163 
are illustrated in a square pattern array. The drivers are 

magnetized such that each adjacent driver has reverse 
magnetic polarity. Additionally, each driver has its 
insulated extended pole section (as described above) 
interconnected by magnetically permeable conductive 
bars 150. This establishes a multiple interconnection 
between drivers and the resultant distortion reduction 
and synchronization is even more effective than with 
only a single pair of drivers. Configurations incorporat
ing larger numbers of drivers can be arranged by group
ing drivers in fours and constructing feedback intercon
nections between each reversed magnetized pair of 
drivers, substantially as illustrated in FIG. 7. 

In FIG. 8, a pair of loudspeakers 171 and 172 are 
illustrated where each loudspeaker is designed to oper
ate in a different frequency range. The signals passed to 
the voice coils of these drivers are restricted in fre
quency by suitable, well known crossover networks 
(not shown). The drivers are secured to a common 
baffle 170 and the magnets of the drivers polarized in 
opposite directions such that the North pole of the 
magnet of loudspeaker 171 is toward the baffle 170 
whereas the North pole of loudspeaker 172 is away 
from the baffle 170. Each driver has its insulated frrst 
pole piece section (as described above) interconnected 
by a magnetically permeable and electrically conduc
tive bar 176. A magnetic conductive bar 185 is also 
coupled between the top plate of the two loudspeakers. 
Because the drivers of the loudspeakers operate in dif
ferent, but slightly overlapping frequency ranges, mu
tual (feedback) coupling is effected primarily in their 
frequency overlap region. This relatively narrow range 
of feedback smooths the transition between them and 
blends the character of the two physically different 
drivers. 

What has been described is a novel arrangement for 
reducing distortion in loudspeakers which involves 
dividing the pole piece into two electrically isolated 
sections. It is recognized that numerous changes in the 
described embodiment of the invention will be apparent 
to those skilled in the art without departing from its true 
spirit and scope. The invention is to be limited only as 
defmed in the claims. 

What is claimed is: 
1. A loudspeaker system comprising: 
a magnetic structure including a permanent magnet, a 

magnetically permeable pole piece and frrst and 
second magnetically permeable plates for develop
ing a unidirectional magnetic field in an air gap 
between said pole piece and said frrst magnetically 
permeable plate; 

an AC signal carrying voice coil mounted for move
ment in said air gap, said voice coil undesirably 
generating distortion producing AC energy in the 
form of AC magnetic flux and eddy currents in said 
magnetic structure; and 

means dividing said magnetically permeable pole 
piece into at least frrst and second pole piece sec
tions that are electrically isolated for reducing the 
distortion effects of said AC energy, said second 
pole piece section being physically directly con
nected to said second magnetically permeable 
plate. 

2. The system of claim 1 wherein said frrst pole piece 
section lies substantially within said voice coil. 

3. The system of claim 2 wherein at least said frrst 
pole piece section includes a longitudinal slot. 

4_ The system of claim 3, further including a slotted 
pole piece extension magnetically coupled to said first 
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pole piece section for linearizing said magnetic field and 
reducing variations in the inductance of said voice coil. 

S. The system of claim 1, further including a magneti
cally permeable extension piece magnetically coupled 
to said first pole piece section and electrically isolated 5 
from said second pole piece section. 

6. The system of claim 5 wherein said extension piece 
is substantially V-shaped and is magnetically coupled to 
said first magnetically permeable plate. 

7. The system of claim 5 wherein said first pole piece 10 
section is substantially T -shaped, said second pole piece 
section has a hollow, cylindrical shape and surrounds, 
but is electrically isolated from, the leg portion of said 
first pole piece section, and wherein said magnetically 
permeable extension piece is physically connected to 15 
said first pole piece section. 

8. The system of-claim 5, further including a second 
extension piece insulated from said first pole piece sec
tion and opposite from said extension piece for lineariz
ing said magnetic field and reducing variations in the 20 
inductance of said voice coils. 

9. The system of claim 1, further including; 
a second magnetic structure, including first and sec

ond magnetically permeable plates and a magneti
cally permeable pole piece having first and second 25 
electrically isolated pole piece sections, having a 
second permanent magnet oppositely poled with 
respect to said permanent magnet; 

a second AC voice coil arranged to move in the same 
direction as said AC voice coil in response to the 30 
same polarity of AC signal; and 

means magnetically coupling said magnetic struc
tures. 

10. The system of claim 9 wherein said coupling 
means comprises a magnetically permeable member 35 
coupling the first pole piece sections of said magnetic 
structures for offsetting distortion effects of said mag
netic structures. 

11. The system of claim 10, further including a second 
magnetically permeable member coupled between said 40 
first magnetically permeable plates of said magnetic 
structures. 

12. The system of claim 11, further including an addi
tional pair of magnetic structures, each of which in
cludes oppositely poled permanent magnets and AC 45 
voice coils arranged to move in said same direction in 
response to the same polarity of AC signal. 

13. The system of claim 9 wherein the voice coils of 
said magnetic structures are operable over different 
frequency ranges. 50 

14. A loudspeaker system comprising: 
a magnetic structure including a permanent magnet, a 

magnetically permeable pole piece and first and 
second magnetically permeable plates for develop-

55 

60 

65 

8 
ing a unidirectional magnetic field in an air gap 
between said magnetically permeable pole piece 
and said first magnetically permeable plate; 

an AC signal carrying voice coil mounted for move
ment in said air gap, said voice coil undesirably 
generating distortion producing AC energy in the 
form of magnetic flux and eddy currents in said 
magnetic structure; 

means dividing said magnetically permeable pole 
piece into electrically isolated first and second pole 
piece sections for reducing the distortion effects of 
said AC energy; and 

a magnetically permeable extension piece magneti
cally coupled to said first pole piece section. 

15. The system of claim 14 wherein said first pole 
piece section is substantially T-shaped, said second pole 
piece section has a hollow, cylindrical shape and sur
rounds, but is electrically isolated from the leg portion 
of said first pole piece section, and wherein said magnet
ically permeable extension piece is substantially V
shaped and is physically connected to said first pole 
piece section and magnetically coupled to said first 
magnetically permeable plate. 

16. A loudspeaker system comprising: 
first magnetic structure means including a first per

manent magnet, a first magnetically permeable pole 
piece divided into two electrically isolated sections 
for developing a unidirectional magnetic field in an 
air gap; 

a first AC signal carrying voice coil mounted for 
movement in said air gap, said first voice coil unde
sirably generating distortion producing AC energy 
in the form of magnetic flux and eddy currents in 
said first magnetic structure means; 

second magnetic structure means having a second 
permanent magnet oppositely poled with respect to 
said first permanent magnet, a second AC voice 
coil arranged to move in the same direction as said 
first AC voice coil in response to the same polarity 
of AC signal and a second magnetically permeable 
pole piece divided into two electrically isolated 
sections; and 

a first magnetically permeable member coupling cor
responding ones of said isolated pole piece sections 
for offsetting distortion effects in said first and said 
second magnetic structure means. 

17. The system of claim 16, further comprising first 
and second top and bottom permeable plates, said top 
plate cooperating with said first pole piece sections to 
form said air gaps, respectively, and a second magneti
cally permeable member coupling said first and second 
top plates. 

* * * * * 
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1571 ARSTRACT 

The invention is a loudspeaker. The loudspeaker includes a 
driver diaphragm having a voice coil and an associated 
magnet system including an annular air gap within which the 
voice coil locates, the voice coil being longer than the axial 
extension of the annular air gap, the magnet system i nclud
ing a central pole pieo;:e,the voice coil and central pole piece 
having a fronlal end lowards said driver diaphragm and a 
rearward end away from said driver diaphragm, the magnet 
system further comprising a cylinder arrangement, of a 
material and of a wall thickness sufficient to provide a 
conduclivity suitable to act as a short circuil ring carrying 
compensating induction currents, the cyl inder arrangement 
comprising a root part at a root area of the pole piece and an 
inner pole ring part rearward of the annular gap, the root part 
being located outside the rear.vard end of the voice coil 
when the voice card assumes a position of rest, and further 
comprising an outer pole ring part located forward of the 
anrlUlar gap, the inner pole ring part and the outer pole ring 
part both being shorter thall half a length of the voice coil. 

21 Claims, I nrllwing Shcet 
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I 
LOUDSI�EAKEn WITH SHORT CIUCUIT 

lUNGS AT THE VOICE COIL 

111is appllcation is a Continuation of application Ser. No. 
08/545,739, filed as PCr/DK94JOO186 May 10, 1994, pub. 
lished as W094!27413 Nov. 24, 1994. 

BACKGROUND OF TI-IE INVENTION 

"Ibe present invention relales 10 a loudspeaker of oonvcn· 
tional type, where voice coil of the loudspeaker diaphragm 
has an axial lcngth larger than that of the annular air gap, in 
which the ,:oil operates, and where there is mounted, a\ both 
sides of [he air gap, a cylinder of electrically conducting 
material, also called II copper cylinder. 

DESCRIPllON OF "Il-IE PRIOR ART 

These cylinders arc used in order \0 create surroundings 

2 
by coppcr rings at the effectivc magnet gap, and without 
being further specified how the ring is located relative to the 
maximum ampiilUde of the voice coil. Correspondingly, 
from DK-C-I48,050, it is known to use relatively short 

5 copper rings or cylinders at the respective outer and inner 
sidcs of the foremost, a central polc piece, but without this 
bcing related to an additional ring of copper at the root of the 
central magnet oore for a different purpose. 

The known loudspeaker of FIG. I has a magnet system 

to comprising a ring magnet 2 with a rear/lower pole plate 4, 
from the center of which it pole piece 6 projects forwardly! 
upwardly, and with a foremost/upper pole plate 8 made with 
a central hole 10. inside which, and !lush with the pole plate 
8, there is mounted an inner pole platc 12 on the outer end 
of the central pole piece 6. In the annular gap 14 between the 

t5 pole plates 8 and 12 is located a voice coil 16. mounted on 
a cylindrical carrier core 18 connected with an outer loud
speaker diaphragm 20, which i" held by a carrier chassis (not 
shown) in such a manner that the coil tube 18,16 is guided 

for the coil which arc, electrically, practically the same 
wherever the coil is located inside ilS range of oscillation; it 20 
is conventional, therefore, that the copper cylinders extend 
beyond the opposed ends of the coil, inwardly around the 
central magnet core and outwardly in the air outside the 
central pole piece, respectively. 

to carry out purely axial oscillations in the air gap 14. 
In iL<; position of rcst the voice coll 16 is located so as to 

project equally to both sides of the plate portions 8 and 12. 
The pole piece 6 is surrounded by a cylinder 22 of copper, 
and a similar cylinder 24 is mounted so as to project 
forwardly/upwardly form the central pole piece 12. 

It is a main eITed of this arrangement that the magnetic 
field will be stabilized against changes caused by thc current 
in the voice coil, inasfar as the ooppcr cylinder will act as a 
short circuit winding, which, by tile inductive coupling with 

25 Therefrom, both of the copper cylinders 22 and 24 project 
beyond the ends of the voice coil 16, such that during 
operation they will steadily be located inside tht;; oscillation 
area of the voice coil. 

the voice coil, will generate an inversely directed magnetic 
flux that will relieve thc modulating elIect of the voice coil 30 
on thc flux in the permanent magnetic field. 

SUMMARY OF HIE INVENTION 

With the prt;;scnt invention it has becn found that it is not 
necessary for the copper cylinder to extend completely over 
the working length of the voice coil in order to effectively 
fulfill its purpose. [t is sufficient that a short cylinder piece 
is mounted about the root of the central part of the magnetic 

Another main elTect is that the l.""Urrent or current changes 
in the voice coil is coupled to an impedance which is largely 
independent of the position of the coil, i.e. whether it is 
located way in over the celllral iron core, where the imped
ance would otherwise be high, or way out from this core, 
where the impedance would be low. The large movements of 
the coil are cam;ed by the low frequencies in the reproduced 
signal. and the simultaneous reproduction of the high fre
quencies would otherwise be highly influenced by the coil 
being located in the iron or air filled area, respectively. When 
the said 'short circuit winding' is present all over the 
operation length of the coil, the coil will present the same 
impedance in all of its positions, because the influence from 
tile surroundings will be widely neutralized by the presence 
of the shorl circuit winding. 

It has been found that the copper cylinders should have a 
considerable wall thickness in order to be really operative. 
Previously, it was found advantageous to make the copper 
cylinders extend continually through the air gap, with a wall 
thickness so small that the air gap should be made only 
slightly broader, but the fact is that the electrical resistance 
in the copper cylinder will hereby be high enough to 
substantially weaken the dcsired compensation elIect. 

35 system, whereby the associated inductive ooupling with the 
voice coil will ensure that the coil will represent the same 
impedance whether, at a given moment, it is moving towards 
or away from the iron filled area at thc central core pOrlion 
of the magnet system. However, it will still be required to 

40 stabilize the induction of the voice coil. such that tht;; 
induction will be substantially the same, no matter where the 
voice coil i<; located relative to the air gap, and to this end 
it has been found that it is fully sufficient to mount a compact 
copper ring immediatcly at either side of the air gap, i.e. 

45 copper rings which, axially, are substantially shorter than the 
axial dimension of the voice coil, while being suitably thick 
in order not to substantially limit the current induced in these 
rings. I·lcreby it becomes sufficicnt that the rings occur as 
relatively short units, and the totality of three ring parts will 

so thus be able to show a combined axial length considerably 
shorter than the operational length of the voice coi1.1bis will 
condition a both lighter and cheaper design of the loud
speakers. 

55 DRIEF DESCRIPTION OF THE DRAWING 

When the copper cylinders should thus be both long and 
thick-walled, thc usc of them will involve a noticeable pricc 
and weight increase, and besides the problem occurs that the 
voice coil has to be placed on a tube core, which projects 
rearwardly rather far from the diaphragm, because the latter 60 
cannot be displaced inwardly any further than to the outer 
end of thc copper cylinder, this being permanently project� 
ing as far as corresponding to the outer maximum amplitude 

In the following the invention is deseribed in more detail 
with reference to the drawing, in which: 

FIG. 1 is a sectional view of the coil and magnet system 
of a known loudspeaker type, while 

FIG. 2 is a corresponding view of a loudspeaker according 
to the invcntion, and 

FIG. 3 is a similar and authentic view thereof. 

of the voice coil. The associated considerable length of the 
tube core is a problem seen from a stability point of view. 65 

It is known to use a root ring of copper about the inner end 
of the pole piece, but without the ring being supplemented 

DESCR[Pl10N OF TIlE PREFERRED 
EMBODIMENTS 

In connection with the invention as illustrated in FIG. 2, 
it ha<; becn recognized that the total length of the copper 



5,815,587 

3 4 
length of the voice coil of this loudspeaker is 18 mm. It has 
been found sufficient for the root ring 22A to have a length 
of8 mm, this being less than half oftbe distance between the 
inner pole ring 2213 and the outer/lower end of the root ring. 

cylinders 22 and 24 can be reduced essentially, because il is 
sufficient 10 make usc of a shone ned rool cylinder 22A 
extending from the pole plale 4 forwardly/upwardly 
approximately 10 the inocrllowcr cnd of the voice coil 16, 
and two axial1y short copper rings 220 and 2413 mounted al 
lhe respective opposite sides of the central pole plale 12. 
When comparing FIGS. 1 and 2 it will be seen that it is 
hereby possible to usc a noticeably reduced amount of 
copper, whereby the loudspeaker can be lighter and less 
expensive. 

5 The total length of the copper rings is about 13 mm, wh ile 
in a correspo l l ding system according to FIG. 1, it would be 

some 40 mm. 
'Inc axial length along axis 30 of the part 22B may be 

smaller than the axial length along the axis 30 of the pari 

to 240. 

Moreover, il will be possible to shorten the CQre lUbe 18 
of the voice coil, since the diaphragm 20 can now be moved 
closer towards [he magnet system, and such a shortening 
involves great advaIJIages in several respects. 

II has been found that wilh the use of a system according t5 
10 FIG. 2 the advamages obtained are obtained when only 
the copper rings are made thick enough, i.e. with a thickness 
of several millimetfCs, to carry the actual counter electro· 
motoric forces without offering any noticeable resistance. 
The root cylinder 22A should not extend into the voice coil 20 
in the rest position thereof, as the only task of this cylinder 
is to compensate for the varying iron filling of the coil. The 
optimal length of the cylinder can be experimentally 
determined, and it has been found that the most correct 
compensation is obtained when the cylinder is located 25 
outside the voice coil, evcn in the maximum inwardly 
displaced position thereof. Then a variation of the degree of 
coupling between the coil and the cylinder will occur during 
the emire coursc of oscillation, as a pure function of the 

3D 
variation of the iron filling of the coil, with efficient com-
pensation being achieved. 

For the invention il is nOI decisive whcthcr the copper 
rings arc placed inside or around the voice coil, although the 
ellicien<.:y is higher when they are placed inside the coil. 
Many parameters will influence the exae! dimensioning of 
the parts for Obtaining the desired ideal result, and for every 
new loudspeaker design it will normally be required to <.:arry 
oUi a sefies of test with pafts of different dimensions until 
both the general impedan(.'C stabilization and the minimized 
clipping distortion is established. 'Ibereafter, the solution as 
found may be used as a standard for all loudspeakers of that 
particular design. 

I claim: 
1. A loudspeaker comprising a driver diaphragm having a 

voice coil and an associated magnet system including an 
annular air gap within which the voice coil locates, the voice 
coil being longer than the axial extension of the annular air 
gap, the magnet system induding a central jXJle piece, the 
voice coil and central pole piece having a frontal end 
towards said driver diaphragm and a rearward end away 
from said driver diaphragm, the magnet system funher 
comprising a cylinder arrangement, of a material and of a 
wall thickness sullicient to provide a conductivity suitable to 
act as a shorl circuit ring carrying compensating induction 
currents, the cylinder arrangement comprising a root part at 
a root area of the pole piece and an inner pole ring pari 

When the coil supercedes its operative maximum 
displacement, the phenomenon of ;clipping' occurs, refer· 
ring to the top of the signal, being compressed, whereby the 
associated curve of the signal approaches a rectangular 
shape. As well known, th is produces an increased content of 
overtones relative to the base tone, meaning distortion. 

35 rearward of the annular gap, the root part being located 
outside the rearward end of the voice coil when the voice 

"be invention provides for an improvement even of this 
phenomenon, in that the voice coil, when oscillating 40 
excessively, will surround but a small amoum of copper in 
the system 22b, 24b, whereby the effect of the copper with 
respect to a minimising of the induction of the voice coil will 
be reduced. 'Ibereby (he impedance of the (."Oil will increase 
at high frequencies, i.e. the formation of the distorting 45 
overtones will be (."Ounteracted such that the associated 
distortion will be reduced considerably. 

Thus, it will be appreciated that the "shortage of copper" 
according to the invention relative to the prior art docs not 
imply only a saving, but even a qualitative improvemem in 50 
the sound reproduction of the loudspeaker. 

FIG. 3 is a sectional view of a loudspeakers used for 
measurements in (."Onnection with the invention, i.e. this 
figure is authentic as far as the dimension relations are 
concerned. It will be noted that there is a substantial axial 5S 
distance measured along axis 30 between the root ring 22A 
and the inner end of the voice coil and that the ring 220 is 
slightly thinner than the ring 240; this reduced thickness is 
owing to the fact that the root ring 22A to some degree 
contributes to the function of the ring 2213, which contribu· 60 
tion is reduced when the coil moves outwardly, such that the 
outer ring. 240 ideally should be somewhat thicker than the 
ring 2213. In this example the thickness of the ring 240 is 
only about 1ft; of the length of the voice coil. None of the 
rings 220 and 240 should extend beyond the voice coil in 65 
the neutral position thereof, as this would compromise the 
reduction of the clipping distortion mentioned above. The 

coil assumes a position of rest, and further comprising an 
outer pole fing part located forward of the annular gap, the 
inner pole ring pari and the outer pole ring part ooth being 
shorter than half a length of the voice coil. 

2. A loudspeaker according to claim I in which an axial 
dimension of the inner pole ring pari is smaller than that of 
the outer pole ring parI. 

3. A loudspeaker a<.:cording to daim 2, in which said 
material is copper. 

4. A lou(lspeaker according to claim 3, in which the inner 
and outer jXlle ring paris are placed inside (he voi(.'C coil. 

5. A loudspeaker according to claim 2, in which the inner 
and OUier pole ring pans are placed inside the voice coil. 

6. A loudspeaker according to claim I in which the axial 
dimension of the root part is smaller than a distance between 
the root pari and the inner potc ring pari. 

7. A loudspeaker according to claim 6, in which said 
material is copper. 

R. A loudspeaker according to claim 7, in which the inner 
and outer pole ring parts are placed inside the voice coil. 

9. A loudspeaker according to claim 6, in which the inner 
and outer pole ring parts are placed inside the voice coil. 

10. A loudspeaker au.:ording to claim I, in which an axial 
dimension of the root pari is less than half of a length 
comprising a sum of Ihe axial dimension and a separation 
between the root part and the inner pole piece part. 

11. A loudspeaker according to claim lO, in which said 
material is copper. 

l2. A loudspeaker according to claim H, in which the 
inner and outer pole fing parts are placed inside the voice 
coi\. 
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13, A loudspeaker according \0 claim 10, in which thc 

inner and Quler pole ring pariS arc placed inside the voice 
coiL 

14. A loudspeaker according 10 claim I, in which said 
material is copper. 

15. A loudspeaker according \0 claim 14, in which Ihe 
inner and ouler pole ring parIS arc placed inside the voice 
coil. 

l6.A loudspeaker according 10 claim 1, in which Ihe inner 
and ouler pole ri ng parts are placed inside Ihe voice coil. 

17.Aloudspcakcr 3o;:cording \0 claim 16, in which Ihc roOI 
part is located outside Ihc rear.vard end of Ihe voice coil 
even when the voice coil is in an operatively maximum 
rearward displaced position Ihcrco[ 

6 
18. A loudspeaker according 10 claim 1, in which an axial 

dimension of Ihc rool pari exceeds that of either pole ring 
parI. 

19. A loudspeaker according to claim I, in which the root 
5 part is localed outside the rearward cnd of Ihe voice coil 

even when the voice coil is in an operatively maximum 
rearward displaced position thereof. 

20. A loudspeaker according to claim 16, in which an axial 
dimension of the root part exceeds Ihal of eilher pole ring 

!O parI. 
2l. A loudspeaker according to claim 18, in which an axial 

dimension of the root part exceeds Ihal of either pole ring 
parI. 

• • • • • 
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(57) ABSTRACT 

A spenkcr nnd n mngnctic circuit fix n spcnkcr. in which the 

high quality sound is obtained. are provided using a stnlcture 

which is thin, light-weight nnd symmctricnl in the vibrntion 

direction. In three sheets oflayered magnets. the first magnet 

of thc first Inyer nnd the third mngnet of the third Inyer are 

arranged in the magnetic directions which repel each other. 

and the polarity of second mngnet of the second layer is 

arranged perpendicularly to the polarity of the first and third 

magnets of the first and third layers at the top nnd bOllom 

thereof. A voice coil wound near the celller of a voice coil 

bobbin is arranged to oppose the second magnet of the 

second layer of the magnetic circuit composed of the three 

layers, and the smne vibration systems composed of the 

diaphragms and edges are connected to both the ends of this 

voice coil bobbin. Accordingly. the speaker which has a 

vibration system that is symmetrical with respect to a center 

axis X-X perpendicular to the direction of a center axis of a 

voice coil is obtained. 
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MAGNETIC CIRCUIT A:\"O SPEAKER 

BACKGROUND O F  TilE INVENTION 

1. Field of the Invention 

'1l1e present invention relates to a magnetic circuit and a 
speaker and particularly relates to a magnetic circuit which 
includes only a magnet without a yoke. which is thin and 
light in weight and which has a symmetrical st mcture with 
respect to the vibration direction ,  and to the improvement of 
a speaker using this magnetic circuit. 

2. Description of the Related Art 

Conventionally. as a thin type speaker or magnetic circuit 
f()r a speaker. it is known one disclosed in patent literature 
I in which thin disk-shaped or ring-shaped two sheets of 

magnets with the same polarity of S. S (N. N) are arranged 
opposing each other with a spacer made of a non-magnetic 
material positioned in between. 

FIG. I shows a vertically sectional view of a speaker 
disclosed in Japan Published Utility Model Application No. 
H2-30957, in which the magnetic circuit includes: first and 

second ring-shaped magnets I and I magnetiLed in the 
direction of upper and lower surfaces and disposed whose 
magnetized surfaces of the same polarity such as S. S (N, N) 
oppose each other with a spacer 6 made of a non-magnetic 
disk-shaped material in between. and a bobbin hangs down 
from a diaphragm 5 to the outer circumference of the spacer 
6. around which a voice coil 3 is wound. Further. at 
approximately the center position of the spacer 6 a third and 

111en. as shown in FIG. 2. the voice coil 3 is formed by 
arranging a first coil 3£1 wound at the position approximately 
corresponding to one magnet lb. a second coil 3b wound at 
the position approximately corresponding to the spacer 6 
and a third coil 3c wound at the position approximately 
corresponding to the other magnet lb in the outer circum
ference of a voice coil bobbin 8 in a row. Further. as shown 
with an arrow in FIG. 2. the winding direction of the first and 
third coils 3£1 and 3c is a reverse direction to the winding 

10 direction of the second coil 3b. 
By arranging the voice coil 3 in the repulsion magnetic 

field fo nned by the magnets Ib and Ib and the spacer 6. a 
driving force can be obtained from the second coil 3b in the 
leakage magnetic flux <1>1 portion generating a strong mag-

1:\ netic field. and a driving force can be obtained by the first 
and third coils 3£1 and 3c from each leakage magnetic flux 
portion of <1>2 and <1>3 generating a magnetic field of a 
reverse direction. 111erefore. there are disclosed that with the 
portion constituting the magnetic circuit being thinner and 

20 lighter in weight. a large driving force can be obtained. and 
a constant impedance characteristic can be obtained by the 
inductance reduction cfiect mutually generated in the coils. 
so that a high frequency region can be improved etliciently. 

However. each of the above described conventional art 
2:\ has a stmcnlre in which a magnetic circuit including the 

magnets I. I a and I b. and the spacer 6 made of a non
magnetic or ferromagnetic material are arranged on the inner 
side of the voice coil bobbin 8. l11erefore. a stmcture to 
support a magnetic circuit is necessary. and a speaker which 

1U has a symmetrical vibration system with respect to a center 
axis that is perpendicular to the direction of a center axis of 
the voice coil 3 can not be obtained. As a result. there is no 
symmetry in the vibration direction of the diaphragms 5 and 

a fourth disk-shaped magnets 10 and 10 fo nned of the same 
small magnetic circuit as described above through a cylin
drical shaped spacer are magnetized in the direction of the 
upper and lower surfaces and are disposed whose magne
tized surfaces of the same polarity such as S, S (N. N),:\ 
oppose each other with a spacer 6a made of a non-magnetic 
disk-shaped material in between. and a bobbin hangs down 
from a diaphragm 5a to the outer circumference of the 
spacer 6a, around which a voice coil 3a is wound to fonn a 
coaxial type speaker. A vibration system including the 
diaphragms 5. 5£1 and the edges 4. 40 is held by a frame 7. 

5a. which causes the distortion of acoustic signals. 
In order to obtain a vibration system that is symmetrical 

with respect to the vibration direction. it is considered to 
form a magnetic circuit of a inside magnetic type in which 
the voice coil is arranged inside the frame-shaped or ring
shaped magnetic circuit fo nned of the frame-shaped or 

4() ring-shaped two sheets of magnets I. la, Ih making the 
same polarity opposing each other with a spacer made of a 
frame-shaped or ring-shaped non-magnetic or ferromagnetic 
material in between. 

Further. a speaker is disclosed in Japan Published Patent 
Application No. I 16-23338�. in which a repUlsion magnetic 
field is fo nned by arranging two sheets of magnets in the 
magnetic directions which repel each other : the voice coil 
wound approximately around the center of the outer circum
ference of a voice coil bobbin is disposed in this repulsion 
magnetic field : the inner circumference portion of a dia
phragm is connected to the center of the outer circumference 
of this voice coil : also both the end portions of the outer 
circumference of the above voice coil bobbin are supported 
by two sheets of dumpers which are disposed at an interval 
to each other : and a support system of this voice coil is 
fo nned in a symmetrical-shape with a center axis perpen
dicular to the direction of an axis of the voice coil to be an 
axis of symmetry. 

FIG. 2 is a schematic diagram showing a winding method 
of the voice coil in the vicinity of a magnetic circuit in the 
speaker disclosed in Japan Published Patent Application No. 
H6-2333R4. and the repulsion magnetic field is limned by 
arranging two sheets of magnets I h. I b in the magnetic 
directions which repel each other with a spacer 6 in between. 

In a speaker of such magnetic circuit construction. it is 
4, possible to obtain a speaker having a symmetrical st mcture 

in the vibration direction by supporting the outer circum 
ference portion of a frame-shaped or ring-shaped magnetic 
circuit from the outside. 

However. in a frame-shaped or ring-shaped magnetic 
:\() circuit, magnetic flux converges in the outer circumference 

of a frame-shaped or ring-shaped magnetic circuit. and this 
magnetic flux becomes useless because it does not contrib 
ute at all to drive a speaker. 

Further , in such magnetic circuit , when using a spacer 6 
.':\ made of non-magnetic material, the magnetic energy (etlec 

tive magnetic flux) which the magnets I, 1(1 and Ih have can 
not be taken out etliciently. 

Furthermore. though the magnetic energy can be taken out 
e lliciently when using a spacer 6 made of a ferromagnetic 

6() material. the magnetic flux density of the spacer 6 made of 
a ferromagnetic material is saturated when a magnet having 
a large magnetic energy is used, resulting in ditliculty in 
which an etlective magnetic flux cannot be taken out etli-In such a magnetic circuit. a strong magnetic field is 

generated in a portion of the leakage magnetic flux <1>1 
between the magnets Ih and Ih, and a magnetic field in the 6, 

reverse direction is generated in the portions of each leakage 
magnetic flux of <1>2 and <1>3 around the magnets Ih and lb. 

ciently. 
The present invention has been made in order to solve the 

above described problems, and the purpose of the present 
invention is to obtain a speaker which is thin and light in 
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weight and which has a symmetrical vibration system with 
respect to a center axis which is perpendicular to the 
direction of the center axis of the voice coil, and to provide 
accordingly a speaker which can obtain the high quality 
sound. 

Another purpose of the present invention is to improve the 
rate of use for a magnet by efficiently using a strong leakage 
flux in a thin and light-weight magnetic circuit whose 
magnetic path is not closed, and to provide a magnetic 
circuit without a saturation phenomenon of tile magnetic 
flux caused by components (spacer, plate, yoke and so on) 
which constitute a magnetic circuit. 

Further anotller purpose of tile present invention is to 
provide a magnetic circuit and speaker in which a plurality 
of coils are combined to reduce me inductance component of 
me input impedance of me voice coil, so that the amplitude 
of vibration of a constant input impedance speaker and a 
diaphragm is expanded. 

SUMMARY OF THE INVENTION 

A first aspect of me present invention is a magnetic circuit 
including at least tlrree layered magnets, in which a first 
magnet of a first layer and a tlurd magnet of a third layer are 
arranged in tile magnetic directions wluch repel each otller, 
and a second magnet of a second layer, whose direction of 
polarity is perpendicular to tile direction of polarity of tile 
first magnet of tile first layer and me tIllrd magnet of tile tlurd 
layer, is arranged. 

TIle second aspect of tile present invention is a speaker 
including a magnetic circuit which has at least tlrree layered 
magnets, in wluch me first magnet of tile first layer and me 
mird magnet of me tllird layer are arranged in me magnetic 
directions wluch repel each other, and tile second magnet of 
tile second layer, whose direction of polarity is perpendicu
lar to me direction of polarity of tile first magnet of tile first 
layer and mird magnet of me tllird layer, is arranged. 

TIle tlurd aspect of tile present invention is a speaker in 
which each of me first tlrrough tlurd magnets constituting a 
magnetic circuit is ring-shaped or has tile shape of a polygo
nal frame and a voice coil with or without a bobbin wound 
around is arranged to oppose the second magnet of the 
second layer. 

flux which comes from the first, second and tlurd magnets 
constituting three layers at me one portion. Furtllermore, 
since a ferromagnetic substance wluch has the saturation 
magnetic flux density characteristic represented by iron 

5 material is not used, a large magnetic field in proportion to 
me magnetic energy of me first, second and tllird magnets 
wluch are used can be obtained in tile region where tile 
magnetic flux density is saturated. 

According to a speaker of tile tlurd aspect of tile present 
10 invention, a voice coil wound around a voice coil bobbin is 

arranged to oppose tile second magnet of tile second layer 
inside a ring-shaped or polygonal frame-shaped magnetic 
circuit including tlrree layers and tile approximately the 
same vibration system which is composed of a diaphragm 

15 and an edge are connected to both tile ends of a voice coil 
bobbin, so that a speaker which has the vibration system 
symmetrical witll respect to a center axis perpendicular to 
me direction of a center axis of the voice coil can be 
obtained. 

20 According to a speaker of the fourth aspect of me present 
invention, me winding direction of me voice coil wound 
around a bobbin to oppose the second magnet of tile second 
layer is me reverse direction to me winding direction of 
voice coils wound around a bobbin to oppose to me first 

25 magnet of me first layer and tllird magnet of me tllird layer 
to be connected in series, so mat a speaker wluch has a small 
inductance component of me input impedance can be 
obtained. Further, since a voice coil is formed wim the 
winding directions of tile first and tlurd voice coils opposite, 

30 me direction of a driving force from me second magnet of 
me second layer wluch tile voice coil opposes, and the 
direction of a driving force from the first and mird voice 
coils which oppose tile first and third magnets of tile first and 
iliird layers in which tile magnetic flux has an opposite 

35 direction to me second magnet of tile second layer become 
me same direction, so mat a sufficient driving force can be 
obtained tllOUgh tile speaker is tlun and light in weight. 

In me present invention, since me polarities of me tlrree 
sheets of magnets are used to form a magnetic circuit, a 

40 speaker and magnetic circuit which are extremely tIlln and 
light in weight can be obtained. 

Further, since a voice coil is wound approximately in the 

TIle fourth aspect of me present invention is a speaker in 
which tile winding direction of me second voice coil wound 45 
around a bobbin to oppose me second magnet of me second 
layer is me inverse direction to that of tile first voice coil and 
tIllrd voice coil wound around tile bobbin to oppose me first 
magnet of tile first layer and tllird magnet of the tllird layer. 

center of tile outer circumference of a voice coil bobbin and 
a symmetrical vibration system is connected to botll tile ends 
of tills voice coil, a speaker and magnetic circuit of high 
sound quality can be obtained. 

Furthermore, tile first, second and tlurd coils are wound 
around a voice coil bobbin at me positions which oppose 
respective magnets, and tile winding direction of me first and 
tIllrd coils wound at me positions opposing the first and third 
magnets of me first layer and tlurd layer is reverse to the 

According to the magnetic circuit and speaker of me first 50 
and second aspects of tile present invention, in the tlrree 
layered sheets of magnets, me first magnet of me first layer 
and me mird magnet of tile tlurd layer are arranged in the 
magnetic directions which repel each other, and me second 
magnet of tile second layer is arranged whose direction of 55 
polarity is perpendicular to that of me first magnet of me first 
layer and tlurd magnet of tile tlurd layer located on top and 
bottom mereof, so that the magnetic flux can be made to 
converge on me polarity end on one side of me second 
magnet of the second layer. In me first and tIllrd magnets of 60 
me first and tllird layer, me portion at wluch tllis magnetic 
flux is converged is me polarity of the end surface which is 
not in contact with tile second layer, in otller words, it is at 
me end of polarity which is opposite to the top side and 
bottom side (polarities of magnets are tile same) of a 65 
magnetic circuit including tlrree layers. In this way, a large 
magnetic field can be obtained by converging the magnetic 

winding direction of me second coil wound at the position 
opposing me second magnet of tile second layer to form a 
voice coil, and merefore me second coil obtains a driving 
force from tile second magnet of me second layer, and me 
first and tIllrd coils obtain a driving force from me portion 
around tile first and tlurd magnets of tile first and tlurd layers 
where me magnetic field of me reverse direction occurs, so 
that a magnetic circuit and a speaker of light-weight and 
tIlln-shaped, nevertheless, wim a sufficient driving force can 
be obtained. 

Moreover, me inductance component of me input imped-
ance of a speaker is made to decrease, the high frequency 
characteristic is improved, and a ferromagnetic substance 
wluch has me magnetic flux density saturation characteristic 
is not used as a part of me magnetic circuit, so mat a 
magnetic circuit and speaker can be obtained in which the 
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saturation phenomenon 0 f the magnetic flux density does not 
occur even if a magnet having a considerably large magnetic 
energy is used. 

BRIE F DE SCRIPTION O F  TilE DR./\.WINe; S 

Fie;. I is a vertically sectional view of a conventional 
speaker : 

FIG. 2 is a schematic diagram showing a winding method 
of a voice coil in the vicinity of a magnetic circuit of a 
conventional speaker : 

Fie;. 3 is a partly sectional and perspective view of a 
speaker according to an embodiment of the present inven -
tion : 

I I  and 13 and is magneti/ed in the direction perpendicular 
to the magneti/ation direction 0 f the first magnet II 0 f the 
first layer and third magnet 13 of the third layer which are 
on top and bottom thereof: with the side of an inner diameter 
being a negative pole S and the side of an outer diameter 
being a positive pole N. fi.)r example. 

Further. as shown in FlU. 3. with respect to the polarity 
of the magnets. a magnetic pole of the second magnet 12 of 
the second layer is magneti/ed such that the polarity on the 

III side of a inner diameter becomes a negative pole S that is a 
reverse polarity to a positive pole N on the top side of the 
first magnet I I  of the first layer and a positive pole N of the 
bottom side of the third magnet 13 of the third layer. thereby 

FI(;. 4 is a magnetic-flux distribution map of a magnetic \.i 
circuit shown in FlU. 3 :  

obtaining a high magnetic flux density (large magnetic field) 
on the side of the inner diameter of the ring-shaped magnets. 

The above described magneti/ation method is employed 
in the case where a speaker of an outer magnetic type is 
fi.mned in which a magnetic circuit is arranged on the outer 
circum ference side of a voice coil : and on the contrary. in the 

Fie;. 5 is a graph showing a calculation result of the 
magnetic-flux distribution of a magnetic circuit and speaker 
according to an embodiment of the present invention : 

FlU. 6 is a partly sectional and perspective view of a 
speaker according to another embodiment of the present 
invention : 

FlU. 7 is a magnetic-flux distribution map of a magnetic 
circuit in the conventional speakers explained in Fle;s. I and 
2 :  and 

FIG. 8 is a graph showing a calculation result of the 
magnetic-flux distribution of a conventional magnetic cir
cuit and speaker. 

DE SCRIPTION O F  TilE PRE FERRED 
I':MBOI)IMI�N T S  

21i case where. fi.lr example. a speaker o f  a n  inner magnetic type 
is fi.mned in which a magnetic circuit is arranged on the 
inner circumference side of a voice coil. in order to obtain 
a high magnetic flux density (large magnetic field) on the 
side of the outer diameter of a ring -shaped magnet. a 

2:' magnetic pole of the second magnet 12 of the second layer 
is magneti/ed such that the polarity on the side of the outer 
diameter becomes a negative pole S that is a reverse polarity 
to a positive pole N on the top side of the first magnet II of 
the first layer and a positive pole N of the bottom side of the 

lit third magnet 13 of the third layer. thereby obtaining a high 
magnetic flux density (large magnetic field) on the side of 
the outer diameter of the ring-shaped magnet. 

An outer circumference of an upper speaker edge 15 
fi.mned in the shape of a ring having upward convexity 

1:' which supports an upper side diaphragm 14 is fixed by 
adhesive or the like close to an inner diameter on the upper 
surfilce side of the first magnet I I  of the first layer : and also. 
an outer circumference of a lower speaker edge 17 fi.mned 
in the shape of a ring having downward convexity which 

Ilereina lter. embodiments of a magnetic circuit and 
speaker of the present invention is explained in detail with 
reference to FlU S. 3 to 6. FlU. 3 is a perspective and partly 
sectional view of a speaker according to an embodiment of 
the present invention : FlU. 4 is a magnetic -flux distribution 
map of a magnetic circuit shown in Fie;. 3 :  FIG. 5 is a graph 
which shows a calculation result of the magnetic-flux dis
tribution of a speaker and magnetic circuit according to an 
embodiment of the present invention : FIG. 6 is a perspective 
and partly sectional view of a speaker according to another 
embodiment of the present invention : FIe;. 7 is a magnetic
flux distribution map of a magnetic circuit in the conven 
tional speakers explained in Fle;s. I and 2 :  and FIe;. 8 is a 4i 

graph which shows a calculation result of the magnetic -flux 
distribution of a conventional magnetic circuit and speaker. 

411 supports a lower side diaphragm 16 is fixed by adhesive or 
the like close to an inner diameter on the lower surbce side 
of the third magnet 13 of the third layer. 

/\. voice coil bobbin 1 8  wound with a voice coil 19 is fixed 
by adhesive in the outer circumference of a center axis X-X 
of approximately a disk -shaped upper side diaphragm 14 
and lower side diaphragm 16. The voice coil 1 8  is  arranged 
to oppose the second magnet 12 0 f the second layer. and 
when the audio signal current flows in the voice coil 1 8. a 
driving fi.lrce which drives the upper and lower side dia-Embodiment I 

An embodiment of the present invention is hereinalier 
explained based on the drawings. FlU. 3 is a perspective and 
partly sectional view of a speaker showing an embodiment 
of a speaker which has a symmetrical vibration system in the 
vibration direction. using a magnetic circuit of the three 
layered magnetic structure of the present invention. In FlU. 
3. a numeral 10 denotes the whole of a speaker. which shows 

.ill phragms is generated by the interaction between this current 
and the magnetic flux generated by the magnetic circuit. 

At this time. when the upper and lower side diaphragms 
14 and 16 and the upper and lower side speaker edges 15 and 
17 are made into approximately the same shape. a sym

.i.i metrical vibration system can be constructed in the vibration 
direction to obtain a speaker with the excellent sound 
lJuality. 

In the above described embodiment. though explanation 
is made with respect to the upper and lower side circular 

Oil diaphragms using a magnetic circuit fi.mned of the first. 
second and the third magnets I I. 12. and 13 in the shape 0 f 
a ring. it is needless to say a magnetic circuit may have other 
arbitrary frame shapes. Further. it is obvious that a disk 

an example using a magnetic circuit. including magnets in 
the shape of a ring. which is symmetrical with respect to a 
center axis X -X of a voice coil 19 constituting the magnetic 
circuit. '1l1e first ring-shaped magnet I I  of the first layer and 
the third ring-shaped magnet 13 of the third layer are 
arranged in the directions to repel each other and are 
magneti/ed in the direction of thickness of the first magnet 
and third magnet such as N. S (S. N) and S. N (N. S). The 0:' 

second magnet 12 0 f the second layer is fi.mned to be a 
ring -shaped magnet thicker than the first and third magnets 

shape can be employed in the case of an outer magnetic type. 
FIU. 4 shows magnetic fi.lrce lines of each leakage mag

netic flux of <1> l lI. <1>11 of a magnetic circuit according to the 
present invention. The section of a magnetic circuit which is 
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symmetrical with respect to a center axis x-x is shown. The 
magnetic circuit including ring-shaped first, second and 
third magnets IIA. 12A, and 13A of three layers are 
magnetized in the direction in which the first magnet IIA of 
the first layer repels the third magnet 13A of the third layer 
and are magnetiLed in the direction of the thickness. The 
second magnet 12A of the second layer is magnetized in the 
direction perpendicular to the magnetized direction of the 
first magnet II A of the first layer and thjrd magnet I3A of 
the thjrd layer which are arranged at the top and bottom 
thereof. 

Further. as the polarities of magnets II, 12. and 13 shown 
in FIG. 3. a magnetic pole of the second magnet 12A of the 
second layer is magnetized such that the polarity of inner 
diameter side becomes opposite to the polarities of the upper 
surface of the first magnet IIA of the first layer and the 
bottom surface of thjrd magnet I3A of the thjrd layer. 

direction of the thickness. The second layer is flmlled of a 
ring-shaped plate 30 made of a ferromagnetic material. 

The magnetic Hux density distribution of this case is 
calculated. The values are calculated by the finite element 

5 method at the position where a voice coil is arranged (distant 
from the inner circumference of magnets by 0.3 mm). The 
magnets used for the calculation are NEOMAX-32 (manu
factured by Sumitomo Special Metals Co.), in which a 
ferromagnetic material is S l5C. the first magnet II 8 of the 

10 first layer and third magnet 138 of the third layer each have 
the inner diameter of 40 nUll. the outer diameter of 56 nUll 
and the thjckness of 2 nUll. and the ring-shaped plate 30 
made of a ferromagnetic material of the second layer has the 
inner diameter of 40 nUll, the outer diameter of 56 nUll and 

I:; the thjckness of 5 nUll. 

Tlle magnetic flux density distribution of each leakage 
magnetic flux of <I> 10. <I> II of a magnetic circuit of the above 
described construction is calculated in the following in 20 

comparison with that of a magnetic circuit of rIG. 7 which 
corresponds to the conventional magnetic circuit of FIG. I. 

The curve 40 of FIG. 8 shows a calculation result of the 
magnetic density distribution in the magnetic circuit with the 
magnets having the repulsion magnetic field of FIG. 7. 'fhe 
lines of magnetic force of the magnetic circuit show that the 
magnetic flux converges at both the inner and outer circum
ference portions of the ring-shaped plate 20 consisting of a 
ferromagnetic magnetic material of the second layer. In 
comparison with the magnetic circuit shown in rIG. 4 of the 
present invention, areas having strong magnetic flux appear 
in the portions in both the directions on the inner side and on 
the outside 21. 22, 23. and 24 in the magnetic circuit with the 

The magnetic flux density distribution in rIG. 4 shows the 
case in which the values are calculated at the portion where 
a voice coil 18 is arranged. that is, the values are calculated 2:; 

by the finite element method at the position distant from the 
inner circumference of the first. second and thjrd magnets 
IIA. 12A. 13A by 0.3 nUll. The magnets used for the 
calculation are NEOMA.t,(-32 (manufactured by Sumitomo 
Special Metals Co.). in which the first magnet IIA of the 30 
first layer and thjrd magnet 13A of the third layer each have 

first and second magnets 118 and 138 of the conventional 
repUlsion magnetic field. and since the magnetic flux in one 
direction 21. 23 or 22. 24 does not contribute to a driving 
force, the efficiency in use of the magnet deteriorates. In the 
case where each magnetic flux is used as the driving force. 
the strucUlre becomes complicated due to the necessity of 
employing two voice coils and also a symmetrical vibration 
system in the vibration direction cannot obtain easily due to 

the inner diameter of 40 mm. the outer diameter of 56 mm 

and the thjckness of 2 nUll. and the second magnet 12A of 
the second layer has the inner diameter of 40 nUll. the outer 
diameter of 56 nUll and the thjckness of 5 nUll. 

It can be understood that the magnetic force lines of each 
leakage magnetic flux of <1>10. <1>11 of the above described 
magnetic circuit converge at the inner circumference portion 
of the second magnet 12A of the second layer. TIle lines of 
magnetic force coming from the negative pole S on the inner 
diameter side of the second magnet 12A flows into the 
positive pole N side of the first and third magnets II A and 
I3A. in which magnetic flux density distribution on the inner 
diameter side is high and the magnetic flux density distri
bution on the outer diameter side is low. 

3:; the necessity of providing a magnetic circuit inside a voice 
coil bobbin. which becomes problems. On the other hand. 
according to the present invention. since the area of strong 
magnetic flux appears only on the inner diameter side of the 
second magnet 12A of the second layer. the efficiency in use 

40 of the magnets becomes improved. 
In the above described embodiment. though the lines of 

magnetic force arc made to converge on the side of the inner 
diameter of the second magnets 12. 12A of the second layer. 
it can be made to converge on the outside of the outside 

rIG. 5 shows. as a graph. a calculation result of magnetic 
flux density distribution of the leakage magnetic flux (<1> 10. 
<1> 11) in the above-mentioned magnetic circuit. and a hori
zontal axis shows the distance D on the side of the voice coil 

4, diameter by placing the second magnets 12. 12A of the 
second layer with the polarity thereof in the opposite direc
tion. Altematively. the lines of magnetic force can be made 
to converge on the side of the outer diameter when the 
polarities of the first and third magnets II. II A. and 13. I3A 

18 of the first. second and third magnets II A. 12A. and 13A. 
and a vertical axis shows the magnetic flux density. and it is 
also understood from this curve that the magnetic flux 
density in the vicinity of the first and third magnets IIA and 
I3A and the magnetic flux density of the second magnet 12A 
arc large on the average. 

:;0 of the first and third layers arc reversed (II and 13 arc 
magnetized as S-N and N-S respectively. and the inner 
diameter side of 12 and the outer diameter side thereof arc 

FIG. 7 shows a comparative example compared with the 
magnetic flux density distribution of the magnetic circuit of 
the present invention shown in FIG. 4. and FIG. 7 shows the 
lines of magnetic force of a magnetic circuit formed of 
conventional magnets having a repulsion magnetic field 60 
similar to FIG. I. The magnetic circuit is shown in the 
section of a magnetic circuit that is symmetrical with respect 
to a center axis x-x and has three layers f<mlled of two 
magnets and one ferromagnetic body. In this magnetic 
circuit. a first magnet 1 18 of the first layer and a third 6:; 
magnet 13A of the third layer arc magnetized in the direc
tions which repel each other and arc magnetized in the 

magnetized as S and N respectively). 

Em bodiment 2 

FIG. 6 is a vertically sectional view showing a magnet 
circuit and speaker of another embodiment of the three 
layered magnet structure according to the present invention. 
In the embodiment shown in FIG. 6 a magnetic circuit in the 
shape of a ring that is symmetrical with respect to a center 
axis x-x is used. A first magnet IIC of the first layer and a 
third magnet I3C of the third layer are magnetized in the 
directions which repel each other and arc magnetized in the 
direction of the thickness thereof. A second magnet 12C of 
the second layer is magnetized in the direction perpendicular 
to the magneti7ed direction of the first magnet IIC of the 
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fir st layer a nd t hird magnet 1 3C o f  t he t hird layer arra nged 
at t he top a nd botto m t hereo f. 

speaker ca n be decrea sed to improve t he hig h  frequency 
c haracter ist ic. Furt her , no ferro mag net ic sub stance hav ing 
t he magnetic flux density saturat io n  c haracter ist ic is u sed a s  
a co mpo ne nt o f  t he mag net ic c ircu it. so t hat a mag net ic 

rurt her , a s  show n in r IG. 6, t he polar ity o n  t he side o f  t he 
in ner d ia meter o f  t he seco nd magnet 12C o f  t he seco nd layer 
is mag net ized to become oppo site to t hat o f  t he upper 
sur face o f  t he fir st mag net l I C  o f  t he fir st layer a nd t he 
bottom sur face o f  t he t hird mag net 1 3C o f  t he t hird layer , so 
t hat the magnet ic flux o n  t he side o f  t he in ner d ia meter o f  a 
r ing- shaped magnet beco me s large. 

5 c ircu it a nd speaker ca n be obta ined in w hich the saturat io n  
p he no me no n  o f  t he mag net ic flux density does not occur 
even if a mag net hav ing a co nsiderably large mag net ic 
e nergy is u sed. 

The magnetic c ircu it o f  t he pre sent inve nt io n  ca n be 
An upper side speaker edge 15C w hich support s a n  upper 

side d iap hrag m 14C is fixed by ad he s ive o n  t he upper 
sur face o f  t he fir st mag net lIC o f  the fir st layer. a nd al so a 
lower side speaker edge 17C whic h  support s a lower side 
d iap hrag m I6C is fixed by ad he sive on the lower sur face o f  
the t hird mag net 13C o f  the t hird layer. A vo ice co il bobb in 
I RC ver tically ha ng ing a nd fixed betwee n the outer c ircum
ICre nce o f  the upper side d iap hrag m I4C a nd the outer 
c ircu mference o f  the lower side d iaphrag m I6C by ad hes ive 
includes a vo ice co il I9C B wou nd o n  t he outer c ircu mfer-

1 0  appl ied not o nly to a speaker but al so to a n  electrokinet ic 
type a nd electro mag net ic type magnetic c ircu it o f  a n  electro
acou st ic tra nsducer included in suc h dev ice s a s  a headp ho ne , 
earpho ne. hear ing a id :  to a n  electrok inetic type a nd electro
mag net ic type magnetic c ircu it o f  an acou st ic-electr ical 

1 .' t ransducer included in such dev ices a s  a micropho ne. tra ns
mitter , tra nsm itter a nd rece iver : a nd also to a rotor a nd stator 
o f  a electr ic motor , electr ic ge nerator a nd so o n. Furt her , 
although expla nat io n ha s bee n made w it h  re spect to t he ca se 

e nce al mo st t he ce nter o f  a vo ice co il bobb in IRC a nd vo ice 20 
co ils I9CA a nd I9CC wou nd in t he oppos ite d irect io n on 
both t he e nds of t he vo ice coil bobb in I Re. 

in whic h  a ma gnet is r ing-s haped. t he shape of t he mag net 
ca n be made into a fra me hav ing a polygo nal out side shape 
a nd inner d ia meter. 

Hav ing descr ibed preferred embod ime nts of the invent io n 
w it h  refere nce to the accompa ny ing draw ings , it is to be 
u nderstood t hat t he inve ntio n  is not l imited to those prec ise 

2 .' embod ime nts a nd t hat var ious cha nges a nd mod ificat io ns 
could be e llccted there in by o ne sk illed in t he art w it hout 
depar ting fro m t he sp irit or scope 0 I' t he invent io n as d cii ned 
in t he appe nded cla ims. 

-1l1e vo ice co il I9C A  is arra nged to oppose t he seco nd 
mag net I2C of the seco nd layer , a nd t he vo ice co ils I9CA 
a nd I9CC are arra nged to oppose t he first mag net l l C of t he 
first layer a nd t hird mag net 13C of t he t hird layer , respec 
t ively. Each of vo ice co ils I9CA. I 9C A. a nd I 9CC is 
con nected in ser ies , a nd when t he aud io s ig nal curre nt flows 
into eac h of vo ice co ils I 9CA, I9C A. a nd I 9CC. t he dr iv ing 
fi:)rce is ge nera ted in a v ibrat io n syste m by the interact io n 1 ( J  

betwee n this curre nt a nd t he mag net ic flux whic h  is ge ner 
ated in the mag ne tic c ircu it. 

I n  t he above descr ibed co nst mct io n, s ince t he stro ng 
mag net ic field is ge ne ra ted in t he port io n  of t he seco nd 
mag net 1 Ie of t he seco nd layer a nd the mag ne tic field in the 1.' 

reverse d irec tio n  occurs in t he por tio ns of t he first magne t  
1 I C  of t he first layer a nd o f  the t hird magnet I 3 C  o f  the third 
layer as show n in the curve 25 of FIG. 5, t he dr iv ing fi:)rce 
of the sa me d irect io n occur in eac h of vo ice co ils 1 9CA , 
I 9C H, a nd I 9CC in t he e mbod ime nt show n in FIG. 6. 

Accord ing to t he prese nt inve nt io n, s ince the polar it ies of 
three sheets of magnets are used to co nstruc t a ma gnet ic 
c ircu it ,  a t hin a nd l ight -we ight mag net ic c ircu it a nd speaker 
ca n be obta ined. Further , s ince a vo ice co il is wou nd al mos t 

40 

at t he ce nter of t he outer c ircumference of a vo ice co il 4.' 

bobb in to li:mn a sy mme tr ical v ibrat io n  sys tem con nected o n  
bo th e nds of this vo ice co il ,  t he hig h  qual ity sou nd ca n also 
be ob ta ined. Fur thennore , t he first , seco nd a nd third co ils are 
wou nd arou nd t he vo ice co il bobb in at t he pos itio ns oppos
ing respect ive mag nets , a nd the w ind ing d irec tio n of t he firs t -' 0  

a nd third co ils wou nd at t he pos itio ns oppos ing to t he firs t 
a nd third magnets of t he firs t layer a nd t hird layer is reverse 
to t he w ind ing d irect io n of t he seco nd co il wou nd at t he 
pos itio n  oppos ing to t he seco nd magnet of t he seco nd layer 
to for m a vo ice co il. As a result , t he seco nd co il obta ins a .' -' 
dr iv ing force fro m the seco nd magne t  of the second l ayer , 
a nd the I1rs t and t hird co ils ob tain a dr iv ing ti:)rce fro m t he 
portio ns in t he v ic inity of t he firs t a nd t hird magnets of t he 
I1rs t and third l ayers where t he magnet ic l1e1d in t he reverse 
d irect io n  occurs , so that a su tlic ie nt dr iv ing force can be 60 

obtained w it h  a thin and l ight-we ight co ns tructio n. More
over , t he induc tance compo nent of t he input impedance of a 

\Vhat is cla imed is : 
I. A speaker , co mpr is ing : 
a mag net ic c ircu it which includes at least three layered 

ma gnets , where in 
a first magne t  of a first layer a nd a third ma gne t  of a third 

layer are arra nged in the magnetic d irec tio ns which 
repel each ot her ; 

t he d irect io n of polar ity of a seco nd ma gnet of a seco nd 
layer is ar ranged perpe nd icularly to t he d irec tio n  of 
polar ity of sa id firs t mag net of t he first layer a nd third 
ma gnet of the third layer ; 

a vo ice co il is wou nd arou nd a ce nter of a bobb in which 
is arra nged to oppose a n  in ner d ia me ter of sa id seco nd 
ma gnet 0 I' t he seco nd layer li:mned in a shape 0 I' a r ing 
or a polygo nal fr'dlne ; a nd 

approx ima tely t he sa me v ibrat io n sys tems composed of a 
d iap hra gm a nd an edge are con nected to bot h the top 
a nd bot tom e nds of sa id bobb in so t hat sa id v ibra tio n  
sys tem t hat is sy mmetr ical w it h  respect to a ce nter ax is 
perpe nd icular to t he d irect io n of a ce nter ax is of sa id 
vo ice co il is prov ided. 

2 .  T he speaker accord ing to claim I ,  where in 
t he first , seco nd a nd third mag nets co nst ituting sa id mag 

ne tic c ircu it are fi.mned in t he shape of a r ing or a 
polygo nal fra me. 

3. T he speaker accord ing to claim I ,  where in 
a w ind ing d irec tio n  of a seco nd vo ice co il wou nd arou nd 

said bobb in to oppose said seco nd mag net of the seco nd 
layer is made to be oppos ite to a w ind ing d irect io n of 
a first vo ice co il a nd a third vo ice co il wou nd arou nd 
said bobb in to oppose said I1rs t mag net of t he I1rst l ayer 
and said t hird magnet of t he third layer. 

* * * * * 
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New structure of loudspeaker
Guy Lemarquand

Abstract

We present a new structure of loudspeaker: the motor is ironless, the suspension is ferrofluidic, the
moving part is piston like, with a concave dome. The absence of iron guarantees a small and constant
inductance of the moving coil, as well as the absence of Eddy currents. The motor includes two circular
joints, one on each side of the moving coil. These joints are ferrofluidic. They fulfil the guidance and
centring function and the air tightness function. This structure is quite rigid. As there is no traditional
suspension in this structure, the related non-linearities and hysteresis disappear.

I. THE NON LINEARITIES OF THE CLASSICAL STRUCTURE
Classical loudspeaker motors present well-known non linearities, which are drawbacks of the transducer.

Numerous authors, such as Dobrucki [1][2], Gander [3][4], Kaizer [5], Klippel [6][7], Mills [8],Noris [9],
and Olsen [10] described and studied these non linearities, and tried to reduce their effects. The most
important of them are following: the variation of the force factor, Bl, along the Ox axis, the hysteresis,
the asymetry and the compliance variation of the suspension, the variation of the inductance with the
coil’s position. A reluctance effect and the presence of Eddy currents were studied by Vanderkooy [11].
These two effects are caused by the iron in the motor.

II. NEW STRUCTURES

A. The loudspeaker
We present new structures of loudspeakers (Fig.1) to get rid of these drawbacks. The motor is ironless

and constituted by stacked rings of permanent magnets. These structures are studied with the use of the
Coulomb’s model of permanent magnets, that allows analytical calculations. The aim is to achieve a highly
constant force factor along the Ox axis. The design can thus be optimized to create a uniform and high

magnets

piston
coil

absorbing
materialferrofluid

Fig. 1. Full structure geometry.
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level induction in the space where the coil moves. It also permits to work on the induction map so as to
fix the ferrofluidic joints where they have to be.
The first consequence of the absence of iron in the structure is a very low and constant inductance

of the coil. The second consequence is the absence of the reluctance effect and a great decrease of the
Eddy currents, depending on the electrical conductivity of the permanent magnets’ material. The third
consequence is the increase of the magnetic induction and the decrease of the magnetic leakage, that leads
to a good efficiency of the loudspeaker. The major goal is to create a very uniform induction in the space
of the moving coil to cancel the harmonic distortion. The maximum excursion of the coil is limited in the
presented structures by the inversion of the magnetic field in the areas outside the nominal displacement,
which constitutes a good protection to limit the travel of the moving set when a peak of power is applied
to the voice coil motor.
These structures are not very difficult to realize with the use of plastic bonded magnets. The motor

includes two circular joints, one on each side of the moving coil. These joints are ferrofluidic. They
therefore play an interesting part. They centre the moving set as a radial bearing. Indeed, the radial stiffness
is high, while the axial one is low. The stiffnesses are independent from each other. As a consequence, the
centring is good, and the axial resonance frequency is very low, with regard to a classical structure. These
joints fulfil the air tightness function between the front acoustical pressure and the rear one. They also are
an easy way for the thermal flow coming from the moving coil. The classical suspension has disappeared
as well as its related drawbacks. Another peculiarity of the structure is the shape of the moving set. It is
cylindrical, piston-like, and the transduction is done by a concave dome. This mechanical structure has
high frequency vibration modes.

B. The loudspeaker cabinet
The cabinet associated to this loudspeaker is non conventional. As there is no motor in the center of

the diaphragm, the whole rear surface is active and it generates a plane wave. The cabinet is in fact a
cylindrical pipe that has the same diameter as the piston and behaves like a waveguide [12]. The pipe is
filled with an absorbing material.

III. PROTOTYPE
A prototype has been built, with the means of a lab -and not of an industrial group-. Of course, this

first prototype shows some imperfections.
The piston diameter is 50 mm wide and it weights 5.1 g. The coil section is 2 mm x 2 mm. The

force factor, Bl, is 5.85 N/A. The coil is shorter than the area of uniform induction along the Ox axis.
The volume, Vcab, of the “pipe cabinet” is 0.82 l.

A. Electrical properties
We use the equivalent electrical circuit proposed by Thiele and Small [13] and the corresponding

notations for the parameters. The electrical resistance, re, of the coil is 4.20 Ω. Its inductance, le, is 210
μH . As there is no iron in the motor, this inductance is constant whatever the position of the moving
set is. When the coil is wound on a capton stay, no Eddy currents appear, neither on the stator, nor on
the moving set: the inductance and the resistance remain constant even at high frequencies. The value of
the Rms parameter is 5.6 kg/s. This value is important because it results of the damping effect of the
ferrofluidic joints. The mobile mass, Mms, is 5.1 10−3 kg. The usual parameter Cms does not appear
because the suspension stiffness is zero and so, the compliance is infinite. As the moving part is exactly
a flat circular piston, the impedance Zar is given by the Rayleigh formula in Eq.1.
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re l e Rms Mms Zar

Rcab Lcab Ccab

SBl

Fig. 2. Equivalent electrical circuit.

Zar =
ρc

S

(
(kr)2

2
+ j

8

3π
(kr)

)
(1)

The impedance of the “pipe cabinet” is given by Eq.2.

Zcab = Rcab + jωLcab +
1

jωCcab

(2)

where the compliance, Ccab, is :

Ccab =
Vcab

ρc2
= 5.4 10−9 m4kg−1s2 (3)

The equivalent electrical circuit is shown in Fig.2. Fig.3 and Fig.4 show the motion impedance versus
the frequency. The first resonance, observed at 55 Hz, is caused by the compliance of the cabinet, Ccab.
This resonance is highly damped by the effect of the ferrofluidic joint, Rms. The second resonance, at
162 Hz, corresponds to the reflection at the end of the pipe. The third resonance, at 7700 Hz, is the
dome proper mode. The phase of the impedance tends towards 90o: the impedance is a pure inductance
at high frequencies, which demonstrates the absence of Eddy currents.

B. Near-field acoustic radiation
Fig.5 shows the near field response. This 50 mm diameter loudspeaker is a medium range one. The

major imperfection appears clearly to be the resonance of the dome (7700 Hz). Three other structural
resonances appear at 4470 Hz, 10 kHz and 14 kHz.

C. Advantages
The great advantage of this structure is its high linearity with regard to the displacement amplitude. All

the responses are proportionnal to the excitation level. As a consequence, the sound has a high definition
and seems very clear and crisp.

IV. CONCLUSION
The structure of this loudspeaker is a new concept that has to be studied further. The major non linarities

have been suppressed. Thanks to the original magnetic circuit of the motor, the force factor is perfectly
constant for large displacements of the moving part. As the motor is ironless, the electrical inductance is
low and independent of the coil’s position as well as of the frequency, because no Eddy currents appear.
The absence of a traditional suspension makes the compliance depend only on the closed-box. So, the
compliance is constant. The built prototype is quite promissive, in spite of its large mechanical resonance.
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Fig. 3. Modulus of the motion impedance.
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Fig. 4. Phase of the motion impedance.
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Ironless loudspeakers
G. Lemarquand

Abstract

We note the drawbacks of classical loudspeaker motors: the inductance varies with the coil’s position, there is
a reluctant effect and Eddy currents appear because of the iron in the motor. We then present ironless structures of
loudspeaker motors to eliminate these drawbacks. These structures are studied with the use of Coulomb’s model of
permanent magnets, which affords analytical calculations. Thus the design can be optimized to create a uniform,
high level induction in the space where the coil moves.

I. CLASSICAL IRON STRUCTURES

Classical loudspeakers have a well-known structure: the coil moves in front of the iron pole pieces of a magnetic
circuit which is excited by a permanent magnet. This structure has three major drawbacks [1]. The magnetic field in
the airgap is non-uniform. The inductance of the coil varies with the coil’s position. Both effects create a distortion
that increases with the displacement of the coil i.e. with the sound level. Eddy currents in the pole pieces create
a force that ejects the coil out of the airgap and lessens the stability of the loudspeaker. The suppression of the
nonlinearities has been the permanent challenge of moving coil loudspeaker designers [2].

A. Electrical model

The simple descriptions of the electrodynamic loudspeakers use equivalent electrical circuits. The voice coil is
considered an impedance that is resistive and inductive, where the coil gives rise to a back electromotive force
(EMF) proportional to the cone velocity. The acoustomechanical aspects of the cone motion are reflected in the
impedance, and the loudspeaker output can be predicted from the electrical input in the range of frequencies for
which the cone moves as a rigid assembly [3] [4] [5].

B. Inductance effects

Several parameters make the inductance vary and we describe here all these effects.
The iron pole pieces increase the inductance of the moving coil. The corresponding impedance increases with

the frequency. The loudspeaker is fed by a voltage amplifier, and the force exerted by the coil on the diaphragm is
proportional to the current [6]. So the force decreases with the frequency, and this force is not in phase with the
voltage. The phase shiftings of the harmonics of the electrical signal are not maintained. This frequency-dependent
impedance variation causes a variation in the applied force. In the classical structure, a short circuiting coil is added
on the stator to reduce the inductance of the moving coil and thus the distortion of the speaker’s output.

Another effect of the iron pole pieces is the following. The coil behaves like a moving iron yoke coil, the yoke
in this case is around the coil. When the coil moves, the position of the yoke changes and as a consequence the
reluctance of the magnetic circuit of the coil varies. For a displacement from the centered position of the yoke
with regard to the coil, the reluctance increases and this leads to the creation of a force on the coil in a direction
that decreases the reluctance. A centering effect is thus observed. This force is proportional to the current in the
coil. Both described effects are in fact position dependent. When a high frequency signal is superimposed to a low
frequency signal, the answer of the loudspeaker is not the same as for the high frequency signal alone, because the
mean position of the coil in the airgap is not the same. As a result, intermodulation is observed.

Manuscript Received December 15, 2005. Revised March 2, 2007.
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Fig. 1. Ironless loudspeaker structure.

C. Eddy currents effects

Many authors have noted that Eddy currents flowing in the solid iron pole structure modify the electrical
impedance. The voice coil motors have a normal inductive behavior at low frequencies. At high frequencies,
the Eddy currents hinder the magnetic flux from penetrating the iron. A first consequence is the decrease of the
effective permeability of the iron and so, a decrease of the inductance of the coil: this decrease is a proof for the
existence of the Eddy currents. The measurement of the inductance is the easiest way to determine the frequency
at which Eddy currents appear. Vanderkooy describes this as a semi-inductive behavior of the loudspeaker [7].

The Eddy currents appear to suppress that which creates them. The Eddy currents flow circularly in the iron pole
pieces around the coil’s axis. They create a magnetic moment that has the same direction as the one created by
the current in the coil. Thus they create a magnetic field in the coil that is opposed to its own field. The moving
coil becomes axially unstable (and radially stable). As soon as the coil moves, the action of the Eddy currents is to
create axial forces that tend to eject the coil from the airgap. The system behaves like an Eddy current magnetic
bearing. This axial force is another cause of distortion.

To reduce Eddy currents Yamamuro [8] and Bank [9] propose to use laminated pole pieces.

II. I RONLESS MOTOR

We present an ironless structure, made totally out of permanent magnets. The first advantage is that the inductance
of the coil is very low and constant. The second advantage is the absence of the reluctance effects and a great
decrease of the Eddy currents, depending on the electrical conductivity of the permanent magnets’ material. As a
consequence, some sources of distortion are suppressed. The third advantage is the increase of the magnetic field
and the decrease of the magnetic leakage, leading to good efficiency of the loudspeaker [10].

Our major goal is to create a very uniform induction in the space of the moving coil to cancel the harmonic
distortion. The induction level must be increased to improve the efficiency of the loudspeaker.

The maximum excursion of the coil is limited in the presented structure by the inversion of the magnetic field
in the areas outside the nominal displacement. This constitutes a good protection for the suspensions elements,
spider and outer peripheral edge when a peak of power is applied to the voice coil motor. It is noticeable that these
structures are not very difficult to realize with the use of plastic bonded magnets.

A. Geometry of the device

The motor comprises two concentric sets of permanent magnets rings (Fig.1). The rings have a triangular section.
Each set is a stack of three rings. The ring in the middle has a radial magnetization. The two other rings are axially
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Fig. 2. Single rectangular magnet structure.
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Fig. 3. Radial magnetic induction,Br (T), created by one magnet, along the observation axis. Induction created by the near face, by the
far face (dashed line) and resultant induction (bold line).

magnetized. The radial space between the sets defines a cylindrical airgap in which the whole coil is located.
At standstill, the sets are centered and the centers of the central ring of each set are in the same perpendicular

to the axis plane. The radial component of the magnetic field in the airgap goes from the inner set to the outer set.
We consider this direction as the positive one.

B. Analytical study of the structure

We consider a magnetic polar model for all the permanent magnets. We assume that the magnetization of the
magnets is uniform, so we have to consider only surface pole densities. For a general purpose, we consider that
the magnetization of each magnet is equal to 1 tesla. We consider a structure of infinite radius (length) in order to
show results that are independent of the radius of the device. We give the result for one set of rings.

We use Coulomb’s theorem to calculate the field created in the free space by a charged plane and apply it to all
the planes. For the whole structure, the total field is calculated by multiplying the previous result by two (for the
two sets) and by the real value of the magnetization of the magnets. The curvature must be taken into account too.

1) Field created by one magnet:We calculate the field created by a single rectangular magnet (height,h, of
2cm, width, w, of 1cm, infinite length) in the air at a distance,d, of 0.5mm of the magnet (Fig.2). This analytical
calculation uses the well-known formulas of the field created by two charged planes [11].

Fig.3 shows the component,Br, of the magnetic induction along the observation axis. The field created by the
near face (the face at the lower distance from the observation axis) is almost uniform in front of the magnet. The
field created by the far face (the face at the greater distance from the observation axis) has the opposite sign and
varies over the front of the magnet. We notice that for a thin magnet (the width is the half of the height) the
resultant field is lowered and distorted by the influence of the far face. For a position on the observation axis no
longer in front of the magnet the sign of the radial component,Br, of the induction changes.

Fig.4 shows the influence of the width of the magnet.The dashed line shows the induction created by the near
face alone. Of course, when the width increases the resultant induction approaches the induction created by the
near face. When the width decreases, the induction is both decreased and distorted.
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Fig. 4. Radial magnetic induction,Br (T), along the observation axis, created by the near face (dashed) and by one magnet for various
values of the width, from bottom to top,w = 0.5cm, 1cm, 2cm and4cm.
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Fig. 5. Three magnets structure.

2) Three prismatic magnets structure:We consider now our new device with the stacked structure of the magnets
illustrated by Fig.5.

We first compare the induction created by this structure with the one created by a single square magnet (w is
2cm, h is 2cm). The central magnet is2cm high and2cm wide. The angleθ defining the dimensions of the side
magnets is varied. Whenθ equals90o the whole structure has a square section, identical to the single magnet one.
Fig.6 shows that the induction in front of the central magnet increases nevertheless by22%. We observe that when
θ decreases, the induction in front of the central magnet increases. As an example, this increase reaches76% for
a value ofθ of 30o. We also notice that an optimal value ofθ exists that makes the radial induction,Br, quite
uniform in front of the central magnet. These structures increase the induction value on the side of the observation
axis (front) because they diminish the flux on the other side of the structure (rear). Indeed, the rear flux appears as
a leakage for the loudspeaker.

An optimum is found whenθ equals45o (Fig.7). Both first and second derivatives of the induction are null in
front of the central magnet (x = 0), so, the induction is almost a constant for small displacements of the coil. The
value of the induction is0.57T , which represents164% of the value obtained whith a single square magnet.

As a remark, the magnetic pole density,σ∗c , of the central magnet on the inclined plane is:

σ∗c = Jcosα (1)

whereJ is the magnet polarization andα the magnet’s angle defined on Fig.5. The magnetic pole density,σ∗l , of
the lower (resp. upper) magnet on the same inclined plane is:

σ∗l = −Jcos(90− α) (2)

When the width,w, is greater than the half height,h/2, the angleα is greater than45o. So,σ∗c is greater thanσ∗l
and the resulting magnetic pole density on the inclined separating plane of the magnets is negative. Of course, there
is no magnetic pole density on the lateral sides of the upper and lower magnets (rear of the structure). When the
width, w, equals the half height,h/2, the angleα is 45o and there is no magnetic pole density on the separating
plane of the magnets.
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Fig. 6. Radial magnetic induction,Br (T), along the observation axis. Comparison between the single magnet structure (dashed) and the
three magnets structure whenθ equals30o, 60o and90o (from bottom to top) andw = 2cm, h = 2cm.
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Fig. 7. Radial magnetic induction,Br (T), along the observation axis, created by the optimal structure:θ = 45o andw = 2cm, h = 2cm.
Dashed line: single magnet.

When the width,w, is smaller than the height,h, the value of the induction in front of the central magnet is still
greater than for the single magnet, but the second derivative of the induction can no longer be cancelled (Fig.8).
The radial induction varies greatly in front of the central magnet. In this case also, variations ofθ only modify the
induction in the area which is not in front of the central magnet.

3) Improved thin structure:Fig.9 shows the three magnets structure where the central magnet is no longer
triangular, but has been truncated to a trapezoid. The angleα can now be varied independently from the width,w,
of the structure. This allows the optimization of the shape of the induction in front of the central magnet (Fig.10,
Fig.11). Of course, the induction created by a thin structure is lower than for a wide one. For a7mm (resp.5mm)
width, w, the radial induction created by a single magnet is0.19T (resp.0.14T ). But the three magnets structure
still gives higher induction levels than the single magnet. The optimal structure with regard to the uniformity of
the induction reaches a value of the induction188% (resp.195%) higher than the single magnet one.

III. C ONCLUSION

The principal aim in the design of a loudspeaker motor structure is to achieve the greatest possible magnetic
field strength and uniformity in the space where the coil moves. We note that in classical structures, the iron of
the motor makes the inductance of the coil vary with the position of the coil, thereby creating a reluctant effect.
These solid iron pole pieces also allow Eddy currents to appear. The consequence is a distortion of the sound of
the loudspeaker. We propose ironless structures of motors: the inductance is small and constant, there is neither
reluctant effect, nor Eddy currents. The analytical calculations of the induction in these structures, using Coulomb’s
model of a magnet, afford optimization of the dimensions of the structures with regard to the induction uniformity.
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Fig. 8. Radial magnetic induction,Br (T), along the observation axis, created by thin three magnets structures. From bottom to top:w=2cm,
h=5mm,d=0.5mm,θ = 30o, 60o, 90o. Dashed line: single magnet.
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Fig. 9. Three magnets structure with a central trapezoid magnet.
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Fig. 10. Radial magnetic induction,Br (T), along the observation axis, in the optimal truncated three magnets structure.w = 7mm,
θ = 30o, α = 40o, h = 2cm, d = 0.3mm. Dashed line: single magnet.
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Fig. 11. Radial magnetic induction,Br (T), along the observation axis, in the optimal truncated three magnets structure.w = 5mm,
θ = 35o, α = 31.5o, h = 2cm, d = 0.5mm. Dashed line: single magnet.
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Stacked structures of magnets afford high induction values. These ironless structures seem to be an interesting
alternative to the classical structures of loudspeaker motors.
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Abstract

A low frequency loudspeaker (10Hz-100Hz) is described. Its structure is totally ironless in
order to avoid nonlinear effects due to the presence of iron. The large diaphragm and the high
force factor of the loudspeaker lead to its high efficiency. Efforts have been made for reducing
the non-linearities of the loudspeaker for a more accurate sound reproduction. In particular we
have developed a motor totally made of permanent magnets, which create a uniform induction
across the entire intended displacement of the coil. The motor linearity and the high force factor
of this flat loudspeaker make it possible to function under its resonance frequency with a great accuracy.

1 INTRODUCTION

In sound reproducing systems, the bass range is
important because it contributes more to the feel-
ing of power and quality than any other part of
the sound spectrum: when the bass is solid and re-
alistic the resultant sound is usually perceived as
being very good to excellent. However problems to
reproduce tight, clean, and realistic sound in the
bass range are not trivial. This paper presents a
loudspeaker bound to produce low and very low
frequencies, the particularity coming from the fact
that the proposed loudspeaker works under its reso-
nance frequency. This type of subwoofer has more
demands regarding its designing than traditional
ones, with the aim of being very accurate and effi-
cient.

2 WORKING UNDER

THE RESONANCE FRE-

QUENCY

When looking at its pressure response, a loud-
speaker acts like a high-pass driver (Fig.1). Since

every frequencies have to be reproduced ideally
with the same level, a classical loudspeaker works
above its critical resonance frequency f0 where its
pressure response is relatively flat. Thus, the ma-
jor problem when manufacturing subwoofers is to
decrease their mechanical resonance frequency to
extend their bandwidth towards the low frequen-
cies. When mounted in a closed enclosure, the res-
onance frequency of the loudspeaker is proportional
to the square root of the total mechanical stiffness
of the mounted loudspeaker over the total moving
mass of the loudspeaker. Therefore to extend the
bandwidth of a subwoofer towards low frequencies,
ones has to decrease the stiffness while increasing
the moving mass, at the expense of the efficiency of
the subwoofer. Since a suspension whose stiffness
tends to be null does not exist, the widening of this
bandwidth also gives rise to large closed enclosures.
It is also met subwoofers used on a frequency range
that comprises their mechanical resonance, despis-
ing all spoiling risks and phase reversals.

Numerous theories and ideas have led to designs
which have significantly improved low frequency
response of such loudspeakers [1],[2],[3],[4]. Un-
fortunately these methods deteriorate the phase
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Figure 1: Behaviour of the pressure response of a loud-
speaker vs. frequency.

response and the consequent smearing of the ar-
rival times of these now audible low frequency
sound components. However phase distortion is
well known to be a critical criterion for the quality
and accuracy of the response of a loudspeaker [5].

In this paper a subwoofer working under its reso-
nance frequency, in the bandwidth 10Hz-100Hz, is
investigated. The first advantage is that the behav-
ior of the loudspeaker is really well known and well
modeled in this frequency range: supplying tension,
current and displacement of the diaphragm are in
phase. The phase of the diaphragm velocity is al-
most constant which is an important point when
searching for coherent response of the loudspeaker.
Let’s remind that under the resonance frequency,
the pressure response of the loudspeaker falls at
a rate of 12dB per octave as the frequency is de-
creased. This means that an embedded electronics
using a double integrator is necessary to raise this
slope and to flatten the pressure response of the
loudspeaker under its resonance frequency. The in-
tegrator is also used to perfectly correct phase vari-
ations of the pressure response of the loudspeaker,
at the same time as to filter the highest frequencies,
in contemplation of a good agreement with a bass
or bass-medium loudspeaker. Long et al. have also
worked on a necessary electronics to protect each
piece of the loudspeaker from large displacements
at very low frequencies [6]. And it appears that a
custom-built loudspeaker is necessary to well fit the
functioning under the resonance frequency.

Therefore, with regard to the subwoofer itself, a
coherent work leads to make a light moving mass
to increase the bandwidth of the subwoofer at the
same time as to increase its efficiency. Efficiency of
this subwoofer also represents an important work
to compensate for the drawback of the 12dB/octave
slope under the resonance frequency, and to make

this subwoofer be very dynamic with sharper time
response.

3 STRUCTURE OF THE

LOUDSPEAKER

The structure of the loudspeaker designed for a bet-
ter adaptation to the functioning under its reso-
nance frequency is shown Figure 2. It is made of
a flat diaphragm, only centered thanks to the sur-
round suspension. The former coil and the voice-
coil are located in the airgap between two sets of
three annular radially magnetized permanent mag-
nets. The following presents the design proposed
to make the subwoofer be very performant at low
and very low frequencies with really reduced non-
linearities.

Figure 2: Composition of the ironless subwoofer.

3.1 The loudspeaker motor

The drawbacks due to the iron in classical loud-
speakers are really well known [7],[8],[9]. Iron is
the source of Eddy currents and reluctant effects,
especially at low frequencies, and is the origin of a
magnetic field that is a function of the axial posi-
tion in the airgap. Some solutions have been pro-
posed based on specific design of ironless motor
structures [10],[11]. However, since their created
magnetic induction highly depends on the position
in the airgap, these assemblies are only suitable to
small voice-coil displacement and thus to medium
or high frequency loudspeakers. Indeed bass loud-
speakers also require the most uniform magnetic
induction possible over the whole displacement of
the voice-coil.

When only using magnets, analytical calcula-
tions of the magnetic field created by different

2



magnetic structures are now usable [12],[13]. The
knowledge of analytical solutions makes possi-
ble the fast optimization of conceivable structures
made of magnets, and searching for linear motors,
leads finally to the magnetic structure of the pre-
sented loudspeaker. It uses two sets of three stacked
annular radially magnetized permanent magnets.
In one set, the two external rings are used to make
the radial component of the magnetic induction cre-
ated by the central ring become constant along the
total height of this central ring (Fig.3). For eco-

Figure 3: Magnetic structure used in the subwoofer and its
created radial magnetic induction, Br(T ), along the obser-
vation axis.

nomical reasons, the chosen dimensions and mag-
netizations of each ring of the presented structure
are not optimal. Nevertheless Figure 3 shows that
the created induction is really quite uniform. In
an underhung configuration, this structure makes
possible a constant force factor along the entire
displacement of the voice-coil up around ±20mm.
First attempts lead to a constant force factor of
35N.m along the 40mm height of the central rings,
for an electrical resistance of 5Ω. By optimizing
the magnets and the wire used in the voice-coil, it
may be reached more significant values of this force
factor.

Thus, a very linear motor has been designed,
even for large displacements of the voice-coil. We
are nevertheless conscious that this structure is
subject to magnetic flux leakages. The use of the
three radially magnetized rings represents a consid-
erable reduction of the total height of the magnetic
structure, in prevision of reduced dimensions of the
former coil to increase its resonance frequencies.

3.2 The moving part of the loud-

speaker

In addition to be ironless, the loudspeaker has the
characteristic to have a flat circular diaphragm.
This choice enables to fit as well as possible
the approximation of circular piston used in the
models, and is reinforced by the conclusions of
Quaegebeur,s work [14]. Interferences, diffraction
phenomena and cavity effects caused by the con-
ical shape usually given to the loudspeaker di-
aphragm are thus removed [15]. The use of a
flat diaphragm intrinsically makes possible to use a
voice-coil whose diameter is larger than usual. The
former coil diameter is calculated with the aim of
pushing back the first resonances of the diaphragm
towards the high frequencies. Figure 4 shows that
the optimal diameter of the voice-coil is 0.7 times
the diameter of the diaphragm, when the coil and
its support are considered rigid. The 20” diameter
flat diaphragm posses two resonance frequencies in
its wanted working bandwidth, measured at 38Hz
and 61Hz. In presence of the former coil, the first
resonance of the diaphragm occurs at 83Hz.

Figure 4: Evolution of the resonance frequencies of an ar-
bitrary circular plate (diameter a), when fixed to a circular
support whose diameter b varies.

Moreover, thanks to the previously described
motor, the total height of the moving part of the
loudspeaker is low compared to the radius of the di-
aphragm; the gravity centre of the moving element
is thus rather close to the diaphragm so that only
the external suspension is necessary to centre and
control the motion of the moving part. The removal
of the spider represents a consequent decrease of the
excursion non-linearities. Since a high mechanical
resonance frequency is reached, a low volume box is

3



used to enclose the loudspeaker and provides 50%
of the total stiffness. The total needed stiffness
implies the use of a material with high modulus
for the surround suspension: the suspension brings
a non-negligible boundary condition. Note that in
the case of a clamped boundary condition, first res-
onance of the diaphragm with the former coil is
predicted at 135Hz; with the surround suspension,
the first resonance frequency is then expected up
to 100Hz.

4 Conclusion

An ironless loudspeaker well suitable to a function-
ing under its mechanical resonance frequency has
been described. First calculations and measure-
ments are quite promising for its conception and
its improvement. The perfectly constant force fac-
tor, the removal of the iron and the flat diaphragm
are the basis of a really expected accurate, clear
and dynamic low frequency subwoofer.
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In Pursuit of Increasingly Linear Loudspeaker Motors
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In this paper, analytical calculations are used to study existing loudspeaker motors totally made of permanent magnets. When the
iron is removed from a loudspeaker, Eddy currents and reluctant effects are also removed, improving the linearity of the loudspeaker.
Performances of each proposed magnetic motor structures are compared, from the intensity of their created induction to their ability to
respond as an accurate image of the driving current. For a given structure, the authorized excursion length on which the loudspeaker
motor is linear is a criterion for limiting its frequency range. The good understanding of the behavior of any magnets assemblies lead to
a so-called “linear structure,” whose volume is optimized and able to create a very uniform induction, along a distance range that can
be chosen. When this is achieved, the force that makes the moving part of the loudspeaker oscillate becomes proportional to the current
running through its voice coil. Thus, this loudspeaker motor is linear as well as using a reduced magnets volume, and can be applied to
all frequency ranges.

Index Terms—Analytical calculations and optimizations of annular structures totally made of permanent magnets, linear loudspeaker
motor.

I. INTRODUCTION

T HE drawbacks due to the iron in loudspeaker motors have
already been identified [1], [2]. Iron is the source of Eddy

currents, and creates the additional so-called reluctant force,
proportional to the square of the current. Moreover, when the
magnetic field seen by the voice coil depends on the axial posi-
tion in the airgap, the motion force becomes also nonlinear. The
iron in loudspeaker motors always leads to this dependence. The
linearity of a loudspeaker needs the removal of the iron.

Thanks to a price decrease, motors totally made of perma-
nent magnets become more and more interesting [2]–[4]. Con-
sidering that conductivity of most permanent magnets is negli-
gible compared to iron, and searching for even more linear and
accurate loudspeakers, the last problem to solve when iron is
removed is to make uniform the radial magnetic induction seen
by the coil along its entire trajectory [5].

This paper studies ironless structures, with the aim to com-
pare them and to understand them, and paying attention to the
linearity of the loudspeaker rather than its efficiency. To con-
sider magnets that exist in the commerce, these annular struc-
tures only have rectangular cross sections. Then, we propose a
structure able to create well-controlled uniform magnetic field.

II. ANALYTICAL STUDIES

A. Interest of Analytical Calculations

Most work on magnetic structures is led thanks to finite-el-
ement analysis. The magnetic field created by permanent mag-
nets can be predicted whatever their shape or magnetization are.
But it takes too long when searching for optimizing these struc-
tures. Thus, understanding and control of the behavior of such

Manuscript received October 16, 2008. Current version published May 20,
2009. Corresponding author: B. Merit (e-mail: benoit.merit.etu@univ-lemans.
fr).

Digital Object Identifier 10.1109/TMAG.2009.2018780

magnets are quite difficult. This is very restrictive in the loud-
speaker world, where the magnetic field has to be intense and
uniform in a limited gap.

That is the reason why we have decided to calculate exactly
the magnetic field created by any structures totally made of per-
manent magnets. Using a Coulombian approach [6], the ana-
lytical resolution of (1) makes it possible to calculate the field

created at the point by a magnet of magnetization and
volume bounded by the closed surface

(1)

In (1), the index refers to the coordinates of the considered
magnet.

B. Magnetic Pole Surface Density

This section only considers magnetic pole surface density,
i.e., the first part of (1)

(2)

The three components of the magnetic field created by right
angle magnets have already been analytically calculated [6].

But, especially because most loudspeakers are of revolution
symmetry, it becomes important to estimate the effects due to
the curvature of the magnets, whose magnetization can be ei-
ther axial or radial. The induction created by annular structures,
whatever the shape of their cross section is, can be semianalyti-
cally calculated thanks to the approximations of [7] and [8]. But
for annular magnets with rectangular cross sections, a complete
analytical expression of this magnetic field can now be used [9].

C. Magnetic Pole Volume Density

Rigorously, the magnetic pole volume density should be
taken into account. But we have shown [10] that for diameters

0018-9464/$25.00 © 2009 IEEE
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Fig. 1. The four studied ironless loudspeaker motor structures. (a) Two axially
magnetized rings; (b) one radially magnetized ring; (c) one radially magnetized
ring and two axially magnetized rings; and (d) three axially magnetized rings.

larger than 50 mm, the calculation error of the radial component
of the magnetic field using [9] is lower than 10%. That is why
for a general purpose and for faster calculations, we consider
calculations of [9] to predict the behavior of the studied mag-
netic structures. Nevertheless, all results are verified thanks to
semianalytical resolutions [6], [11].

Thanks to the analytical resolution of (2), it is now possible to
calculate quickly and without approximation the magnetic field
created by these structures, with axial or radial magnetization.
This tool is powerful and makes the study of the influences of
each annular magnets characteristic easier and faster, especially
their radius.

III. BEHAVIOR OF IRONLESS STRUCTURES

This section describes the three structures of ironless loud-
speaker motor of Fig. 1(a)-(c). They are made of rings with rect-
angular section, whose magnetization or can be either radial
or axial. For the studies, the magnetization is always equal to
1 T. The point represents the location of the voice coil in its
rest position.

In the considered applications, the voice coil oscillates in the
direction parallel to the revolution axis of the loudspeaker.
The induction has to be uniform along this direction: the more
uniform the induction, the more accurate the loudspeaker; and
the more intense the magnetic induction, the more efficient the
loudspeaker.

The induction is calculated on the axis at a distance
from the inner radius of the rings. This location corresponds to
the mean value of the voice-coil thickness (the coil thickness is
the radial length of the coil).

For the study, let us consider a parameter called . Given
a structure, this parameter represents the axial distance across
which the magnetic induction seen by the voice coil has a
peak-to-peak variation smaller than 1%. Thus, across this
distance, the induction is considered uniform. In classical loud-
speakers, the induction variation easily exceeds 10% across a

Fig. 2. Radial magnetic induction, Br (T), along the observation axis at a dis-
tance � � 0.3 mm, created by the structure ��� for � � 4.5 mm, � � 9 mm,
and for various values of the distance between the magnets, from top to bottom,
� � 1 mm (bold line), 3, 5, 7, and 9 mm (dashed line).

distance that corresponds to the trajectory of the voice coil;
that is why significant nonlinear effects are produced and it is
important to search for structures that lead to more uniform
induction.

A. Two Axially Magnetized Annular Rings

Fig. 1(a) shows an ironless motor made of two axially mag-
netized concentric rings. These rings are positioned one above
the other, at an axial distance from each other. They are sepa-
rated by air and their respective magnetizations are in repulsion.
Thus, the magnetic flux in the coil is expected to be radial. This
kind of structure has been patented by the Harman society [4].

Fig. 2 shows how the created induction varies when the mag-
nets deviate. This induction varies too much to obtain a signifi-
cant . When the magnets are close to each other, the induc-
tion can be intense, up to 0.6 T, but then the possible linear coil
displacement is very small. Thus, it is quite clear that this struc-
ture should be dedicated to loudspeakers in which the voice coil
has very small displacements, so preferably to tweeters.

B. One Radially Magnetized Ring

Let us consider the structure of Fig. 1(b). It is constituted by
one radially magnetized ring facing the moving coil. Previous
studies [2] on the induction created by a rectangular magnet
show that a good combination between its dimensions can al-
ways lead to a quite uniform induction in front of themagnets. In
the best case, i.e., when dimensions are analytically optimized,
the axial distance is about 60% of the considered magnet
height. The same conclusions are available for annular magnets
with rectangular section.

Fig. 3 shows that, for a given length, the induction can be
quite constant over an axial range if the magnet height is op-
timal (dotted–dashed line in Fig. 3). Thus, this structure can be
dedicated to every loudspeaker motors. But it generally needs
significant volumes of magnets and its created induction inten-
sity is modest.

Fig. 3 also shows that small heightmagnets only act over short
axial areas (see bold line in Fig. 3). This localized action will be
useful in further structures.
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Fig. 3. Radial magnetic induction, Br (T), along the observation axis at a dis-
tance � � 0.3 mm, created by the structure ��� for � � 9 mm and for various
values of the height:� � 1 mm (bold line), then from top to bottom� � 3, 5,
7, 9 mm (dotted–dashed line), and � � 18 mm (dashed line).

C. Combination of the First Two Solutions

The Sony society patented the structure of Fig. 1(c) [3]. It
is constituted by a stack of three rings of equal radial length.
The central ring is radially magnetized while the external rings
are axially magnetized. According to the patent, the magnetiza-
tions and are equal. The magnetizations of the external rings
help the total magnetic flux to close; so this structure combines
the effects of the first two structures and . That is why
it creates high magnetic induction levels with improved unifor-
mity compared to the structure , while using relatively small
volume of magnets.

Fig. 4(a) shows the induction calculated along the observa-
tion axis created by the whole structure (bold line) and by the
separated elements. The induction variation along the axis
over a range corresponding to the height of the central magnet
represents 19% of the central value (0.5 T). Because of this sig-
nificant variation, is only 1.28 mm, that is, 14% of the total
height of the structure. Note that the induction variation is 10%
across the distance of 4.2 mm that separates the two maxima of
this induction. The structure , which is 11% more compact
than the previous optimal structure , produces a more intense
induction but with a larger induction variation. The induction
intensity increases by 34% while the distance decreases by
76% compared to the optimal structure .

In addition, Fig. 4(a) shows the contribution of each ring to
the total induction and especially that the external rings provide
a really high magnetic induction compared to the induction pro-
vided by the central ring [see dashed line in Fig. 4(a)]. Fig. 4(b)
shows the result when the external magnetizations are lowered
to 0.52 T. In this case, equals 2.1mm, and now the induction
variation is only 1.8% across the 3.4-mm distance that separates
the two maxima of this induction. The uniformity improvement
is significant but leads to an 8% decrease of the total induction.

One has to note that this structure should not be used for low-
frequency drivers. When the intended increases (over 10
mm), the two external magnets do not contribute to increase
the induction intensity anymore. In this frequency range, the
structure would act like the structure while being more
expensive.

Fig. 4. (a) Radial magnetic induction, Br (T), along the observation axis at a
distance � � 0.3 mm, created by the structure ��� (bold line) with its central
magnet with � � 5 mm, � � 8 mm, � � 1 T (full line) and its two external
magnets with � � 2 mm, � � 8 mm, 	 � 1 T (dashed line). (b) Magnetization
	 is lowered to 0.52 T. The dotted line remains the induction created by the
patented structure where the magnetizations � and 	 are equal to 1 T.

IV. LINEAR STRUCTURE

The structure of Fig. 1(d) goes further in the idea of using
magnets whose magnetizations differ in order to give the in-
tended flat shape to the observed induction. It is constituted by a
stack of three radially magnetized rings. It combines the higher
magnetization of the external rings and their small height to use
their much localized action (as described in Fig. 3). Contrary to
the previous structure , the external rings are only aimed to
compensate the bell shape of the induction created by the cen-
tral ring; that is why it creates less intense inductions.

Fig. 5(a) shows the contribution of each ring and the resulting
induction (bold line). The set of dimensions is chosen in order to
have the same magnet section as the one of the previous optimal
structure (81 mm ). In this case, the performance improve-
ment compared to the structures is not significant. But the
structure can be optimized. Indeed, the distance can al-
ways correspond to the dimension , without any influence on
the induction intensity. The other dimensions and the magne-
tizations are calculated in order to optimize the volume of the
whole structure, and the uniformity and the intensity of the mag-
netic field.

Thus, the geometry has been optimized in order to obtain an
induction of equal intensity (0.33 T) and having about the same

of 5.4 mm. The optimal dimensions we find correspond
to a more space-saving structure whose total height is 7.2 mm
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Fig. 5. Radial magnetic induction, Br (T), along the observation axis at a dis-
tance � � 0.3 mm, created by the structure ��� (bold line) with: (a) its central
magnet with � � 5 mm, � � 9 mm, � � 1 T (full line) and its two external
magnets with � � 2 mm, � � 9 mm, � � 1.01 T (dashed line); (b) its central
magnet with� � 5.2 mm, � � 7 mm, � � 1 T (full line) and its two external
magnets with � � 1 mm, � � 8.5 mm, � � 1.09 T (dashed line).

[Fig. 5(b)]. The total section of this optimized structure is
53.4 mm (34% decrease compared to the previous structure).
As a matter of fact, one can easily understand the benefit in
linearity and in volume compared to the structure , despite
the loss of induction intensity. With about a 35% decrease of
the induction intensity, the volume of the structure is half
the volume of the structure to obtain a uniform induction
over the same as the structure .

As a result, the structure leads to very compact devices
that have a very uniform induction over a range that can be
chosen. This is also applicable when searching for higher dis-
tances , i.e., for low-frequency loudspeakers. Fig. 6 shows
the induction created by both structures and , whose vol-
umes are optimized in order to obtain the same equal to
40 mm, with the same created induction intensity. The volume
of is 20% lower than the one of the structure .

Thus, since voice coils can easily remain in a uniform induc-
tion, the structure leads to highly linear loudspeaker motors
and represents a real benefit in space occupation.

V. CONCLUSION

Analytical calculations of the induction created by structures
totally made of permanent magnets make it possible to only con-
centrate in an automatic optimization of one parameter as .
This parameter represents the axial distance across which the in-

Fig. 6. Radial magnetic induction, Br (T), along the observation axis at a dis-
tance � � 2 mm, created by the structure ��� (bold line)—with its central
magnet with � � 40 mm, � � 28 mm, � � 1.43 T and its two external
magnets with � � 7 mm, � � 17 mm, � � 1.49 T—and by the structure �	�
(dashed line) with � � 60 mm and � � 46 mm, and � � 1.43 T. The linear
excursion of the voice coil is �20 mm.

duction is considered uniform; the uniformity of the induction
being related to the linearity of the loudspeaker motor.

So the parameter should be directly related to the fre-
quency range of a loudspeaker. Thus, the structure should
only be dedicated to tweeters, while structure can also be
dedicated to high-medium-frequency loudspeakers. Structures

and are more universal, but create less intense induc-
tions. For very small displacements, the dimensions of the ex-
ternal rings of the structure become negligible to compen-
sate the bell-shaped induction created by the central ring. So the
structure is sufficient compared to the structure . But as
soon as the intended increases, the structure represents
a real benefit in linearity and in space occupation compared to
the other structures.
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(57) ABSTRACT 

A magnetic structure generating a magnetic field for an iron
less motor of an electrodynamic loudspeaker having a mobile 
coil, wherein the magnetic structure generates a magnetic 
field in a gap in which the coil is arranged. The magnetic 
structure includes of a stack of three magnets corresponding 
to one intermediate magnet and two top and bottom covering 
magnets, the magnets forming a straight gap border and being 
located side by side, the intermediate magnet having a radial 
magnetic polarization, the covering magnets having identical 
magnetic polarizations and remanent magnetizations. The 
covering magnets have a radial or axial magnetic polariza
tion. When magnetic polarization of the covering magnets is 
radial, remanent magnetization of each covering magnet is 
higher than remanent magnetization of the intermediate mag
net, and when magnetic polarization of the covering magnets 
is axial, remanent magnetization of each covering magnet is 
lower than remanent magnetization of the intermediate mag
net. Motors are provided. 

19 Claims, 4 Drawing Sheets 
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US 8,055,010 B2 
1 

MAGNETIC STRUCTURE FOR AN IRONLESS 
ELECTRODYNAMIC-LOUDSPEAKER 

MOTOR, MOTORS AND LOUDSPEAKERS 

FIELD OF THE INVENTION 

The present invention relates to a magnetic structure for an 
ironless electrodynamic-loudspeaker motor, motors compris
ing such a structure, as well as loudspeakers. It has applica
tions in the industrial field of sound reproduction and public 
address systems, notably for premises. 

BACKGROUND OF THE INVENTION 

10 

2 
invention, which implements one or more radial internal
magnetic-field permanent magnets. 

Therefore, the invention relates to a magnetic structure 
generating a magnetic field for an ironless motor of an elec
trodynamic loudspeaker having a mobile coil, wherein the 
magnetic structure generates a magnetic field in a gap in 
which the coil is arranged, said magnetic structure consisting 
of a stack of three magnets corresponding to one intermediate 
magnet and two top and bottom covering magnets, the gap-
circumscribing edges of said magnets being aligned and 
forming a straight gap border, said magnets being further 
located side by side, the intermediate magnet having a radial 
magnetic polarization, the covering magnets having the same 

Electrodynamic loudspeakers usually comprise a cylindri
15 

magnetic polarization and substantially identical remanent 

cal coil mechanically integral with an emissive acoustic sur
face also called diaphragm. The coil is generally borne by a 
straight mandrel integral with the diaphragm. This emissive 
acoustic surface is usually conical ( cone) or spherical (dome) 20 
in shape. Loudspeakers generally have an axis of cylindrical 
symmetry, although elliptical loudspeakers exist. They also 
comprise a fixed magnetic circuit the function of which is to 
produce a radial magnetic field onto the coil, inside a gap. 

To obtain a quality sound reproduction, it is desirable for 25 

the magnetic induction to be the most constant possible along 
a generating line of the gap, the one on which the coil is 
located and moves. Indeed, variations of this induction induce 
sound distortions when the coil moves. 

Iron magnetic circuits according to the state of the art 30 

generally comprise an axially-magnetized annular or discoi
dal magnet and ferromagnetic parts intended for channelling 
magnetic flux through the coil. For example, patent applica
tion WO 96/04706, "Axially focused radial magnet voice coil 
actuator", M. STRUGACH, proposes using radial magnets. 35 

Further, the proposed magnetic circuit comprises iron or soft 
ferromagnetic material. 

Defects induced by the presence of iron in the magnetic 
circuit are now well known. Consequently, for a few years, 
ironless magnetic circuit structures have been proposed. For 40 

example, patent EP-O 503 860, "Transducer motor assem
bly", W. HOUSE, does not explicitly mention the presence of 
iron and proposes using two axial magnets in mutual repul
sion. The latter structure has been improved using a radial 
magnet between two axial magnets in patent EP-l 553802, 45 

"Magnetic circuit and speaker", OHASHI. In the latter docu
ment, the loudspeaker motor comprises a stack of three mag
nets having the same remanent magnetisation and alternate 
magnetic field polarizations, at 90° relative to each other, and 
the magnetic polarization orientations of which are such that 50 

the magnetic field loop back outside the magnets is done 
essentially on the gap side, as shown in FIG. 4 of this docu-
ment. 

magnetizations. 
According to the invention, the covering magnets have a 

radial or axial magnetic polarization and, when magnetic 
polarization of the covering magnets is radial, remanent mag
netization of each covering magnet is higher than remanent 
magnetization of the intermediate magnet, and when mag-
netic polarization of the covering magnets is axial, remanent 
magnetization of each covering magnet is lower than rema
nent magnetization of the intermediate magnet. 

In the context of the invention, the term "magnet" covers 
both a single magnet (pellet, ring/crown) and an assembly of 
magnets (notably tiles), as will be explained hereinafter. 

In various embodiments of the invention, following means 
are used, which can be used alone or in any technically 
possible combination: 

remanent magnetization of each covering magnet is higher 
or lower, according to the case, by 1 % of remanent magneti
zation of the intermediate magnet, and preferably by 5%, 

remanent magnetization of each covering magnet is higher 
or lower, according to the case, by 10% of remanent magne
tization of the intermediate magnet, 

in a magnetic structure, the covering magnets are also 
mutually identical in size, 

in a magnetic structure, the covering magnets are also 
mutually identical in volume, 

in a magnetic structure, the covering magnets are also 
mutually identical in shape, 

in a magnetic structure, the covering magnet widths are the 
same, 

in a magnetic structure, the width of each covering magnet 
is smaller than the width of the intermediate magnet, 

in a magnetic structure, the width of each covering magnet 
is equal to the width of the intermediate magnet, 

in a magnetic structure, the width of each covering magnet 
is larger than the width of the intermediate magnet, 

the gap-side edges of each of the three magnets are located 
on a same vertical generating line (the gap-lining edges of 
each of the three magnets being aligned), 

the three magnets have the same magnetic polarization, the Finally, magnetic circuits using triangular-section magnets 
have been proposed in patent application FR-05/53331, 
"Transducteur electrodynamique, applications aux haut-par
leurs et geophones", G. LEMARQUAND, V. LEMAR
QUAND and B. RICHOUX. If the latter magnetic circuits are 
efficient, they however need a costly machining of the mag
nets. 

55 polarization being radial (horizontal), the same-sign pole 
faces of the three magnets lining the gap, remanent magneti
zation of each covering magnet being higher than remanent 
magnetization of the intermediate magnet, 

SUMMARY OF THE INVENTION 

Thus, it is desirable to develop an ironless electrodynamic 
motor that is highly efficient, in particular thanks to a good 
regularity of the magnetic field in the gap, and relatively 
simple and inexpensive to make. It is one of the goals of the 

the intermediate magnet has a radial (horizontal) magnetic 
60 polarization and the two covering magnets have a magnetic 

polarization that is coaxial (vertical, because parallel) to the 
axis of symmetry of the loudspeaker, signs of the covering 
magnet pole faces in contact with the intermediate magnet 
being mutually identical and the same as the sign of the 

65 gap-lining pole face of the intermediate magnet, remanent 
magnetization of each covering magnet being lower than 
remanent magnetization of the intermediate magnet, 
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at least one of the radial-magnetic-polarization magnets 
consists of an assembly of elementary magnets (or tiles) 
juxtaposed along a circumference (or another suitable shape) 
to fonn a ring or a crown, 

the magnets with a magnetic polarization coaxial to the 
axis of symmetry of the loudspeaker are crown-block mag
nets ("block" because they are monolithic/single-piece), 

the magnets with a magnetic polarization coaxial to the 
axis of symmetry of the loudspeaker are pellet-block magnets 
("block" because they are monolithic/single-piece), 

the magnetic structure is internal, 
the magnetic structure is external, 
the magnetic structure has a cylindrical symmetry, 

10 

size and magnetizations of the internal magnetic structure 
are independent of those of the external magnetic structure 15 

(indeed, more generally, apart from the cylindrical symmetry 
case, the internal structure creates its proper unifonn field 
with its proper size and the external structure creates its 
proper unifonn field with its proper size, and the total field is 
the sum of the both and is also unifonn; generally, the possible 20 

defects of a structure can be compensated by the other struc
ture), 

the loudspeaker is circular, elliptical or even square or 
substantially square in shape. 

The invention also relates to a motor for an electrodynamic 25 

loudspeaker, comprising a single magnetic structure accord
ing to one or more of the described characteristics, wherein 
said magnetic structure can be internal (toward the centre of 
the motor) or external relative to the coil. 

The invention also relates to a motor for an electrodynamic 30 

loudspeaker, comprising, opposite to each other and at the 
same level (height), two magnetic structures internal and 
external relative to the coil, each of the structures being 
according to one or more of the described characteristics, 
magnetic polarizations of similar magnets (top internal cov- 35 

ering versus top external covering or internal intermediate 
versus external intermediate or bottom internal covering ver
sus bottom external covering) being identical in both mag
netic structures. In a variant, the magnetic structures are geo
metrically and rotationally symmetric relative to the coil. In 40 

another variant, they are not or only partially. 

4 
speaker and showing a second type of electrodynamic motor 
having an external magnetic structure and the same radial 
magnetic polarization of magnets, 

FIG. 3 which is a schematic vertical-sectioned view of a 
mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud
speaker and showing a third type of electrodynamic motor 
having an external magnetic structure and the same radial 
magnetic polarization of magnets, 

FIG. 4 which is a schematic vertical-sectioned view of a 
mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud
speaker and showing a fourth type of electrodynamic motor 
having an external magnetic structure and crossed magnetic 
polarizations of magnets, 

FIG. 5 which is a schematic vertical-sectioned view of a 
mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud
speaker and showing a fifth type of electrodynamic motor 
having external and internal magnetic structures, with the 
same radial magnetic polarization of magnets and a rotational 
symmetry in magnetization and size between the internal and 
external structures, 

FIG. 6 which is a schematic vertical-sectioned view of a 
mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud
speaker and showing a sixth type of electrodynamic motor 
with external and internal magnetic structures having on the 
whole the same types of radial magnetic polarization of mag
nets but without a perfect rotational symmetry in magnetiza
tion and size between the internal and external structures, and 

FIG. 7 which is a schematic vertical-sectioned view of a 
mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud
speaker and showing a seventh type of electrodynamic motor 
with external and internal magnetic structures each having 
crossed radial magnetic polarizations of magnets but without 
a perfect rotational symmetry in size between the internal and 
external structures. 

DETAILED DESCRIPTION OF INVENTION 
Finally, the invention relates to a loudspeaker comprising a 

motor according to one or more of the described characteris
tics. 

Loudspeaker 1 in FIG. 1 comprises a coil 2 borne by a 
mandrel 3 integral with a diaphragm 4 and 4' not described in 

45 detail herein and which are mobile elements of the loud-Therefore, one of the objects of the invention is to obtain in 
the gap, along the coil-bearing generating line, an induction 
(magnetic field) substantially constant and preferably over a 
height corresponding at least substantially to the intermediate 
magnet height. Induction is considered to be substantially 
constant when it does not vary by more than 1 % and prefer- 50 

ably, even better, when it does not vary by more than 0.5% 
over the considered height. 

BRIEF DESCRIPTION OF DRAWINGS 

The present invention will now be exemplified by the fol
lowing description of embodiments, without being limited 
thereto, and in relation with: 

FIG. 1 which is a schematic vertical-sectioned view of a 
mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud
speaker and showing a first type of electrodynamic motor 
having an external magnetic structure and the same radial 
magnetic polarization of magnets, 

speaker. The coil is immersed in a static magnetic field in a 
gap (the tenn "gap" is used in a generic way, even if there is 
no iron for the magnetic field to loop back outside the gap in 
the motor according to the invention, which is ironless). Mag
netic field of the gap is created by a fixed magnetic structure 
5 generating said magnetic field and which is external in the 
present case. So, according to the current passing through the 
coil, a force is generated which causes movements called 
excursions of the coil, the mandrel and the diaphragm. It is to 

55 be noticed that the other elements of the loudspeaker, such as 
for example the frame or the mechanical suspension( s) (nota
bly, the "spider") are not shown for reasons of simplification. 

In this example, the magnetic structure is external because 
toward the outside of mandrel 3 that bears coil 2 (the axis 6 of 

60 cylindrical symmetry of loudspeaker 1 is considered as being 
central and is toward the inside relative to the mandrel/coil 

FIG. 2 which is a schematic vertical-sectioned view of a 65 

mobile-coil loudspeaker, the section passing through the ver
tical fore-and-aft axis of cylindrical symmetry of said loud-

assembly). The magnetic structure comprises a stack of three 
magnets, one intennediate magnet 8 and two top 7 and bottom 
9 covering magnets, having the same radial magnetic polar
ization (horizontal in FIG. 1): signs of the gap-side pole faces 
are identical (either north or south). Widths (horizontal mea
sure in FIG. 1) of all these magnets are identical. The gap-side 
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pole faces (herein of the same sign) of these three magnets are 
in continuity with each others on the same vertical straight 
line substantially parallel to the generating line of mandrel 3 
and to axis of symmetry 6 of the loudspeaker. At rest, coil 2 is 
in the median part (in the direction of the height and thus of 
the excursion) of the gap. During excursions, the coil moves 
inside this gap. 

In this configuration of three-magnets having identical 
radial magnetic polarizations, intermediate magnet 8 has a 
remanent magnetization lower that than of each of the two 
covering magnets 5 and 9. Top (upper) 5 and bottom (lower) 
covering magnets sandwich intermediate magnet 8, all those 
magnets being located side by side. 

So, loudspeaker of FIG. 1 implements two radial-mag
netic-polarization rings (covering magnets 7 and 9), one 
above and the other below the radial-magnetic-polarization 
intermediate magnet 8. Magnets forming these two rings 7 

and 9 have a remanent magnetization higher than remanent 
magnetization of intermediate magnet 8. As a result and 
thanks to size-optimization of top (upper) 7 and bottom 
(lower) 9 rings, a constant induction is obtained in the gap 
over a significant height corresponding at least substantially 
to the height of the intermediate magnet. 

It is to be noticed that, in the context of the invention, the 
term "magnet" covers both a single magnet and a magnet 
consisting of an assembly of several elementary magnets. 
This latter case is essentially considered for magnets having a 
radial magnetic polarization (horizontal in the figure) and for 
which assemblies of elementary magnets (also called tiles) 
juxtaposed over a circumference (or an ellipse or another 
shape according to the type of loudspeaker) can be imple
mented. 

In a variant not shown in FIG. 1, magnetic structure 5 is 
internal relative to the mandrel, i.e. it is arranged toward the 
centre of the loudspeaker relative to the mandrel. In another 
variant, such as shown in FIG. 5, two magnetic structures that 
are identical (at least regarding to magnetic polarization and 
size of each magnet in the height direction) are implemented 
on each side of the mandrel. In the latter case, it is to be 
understood that, because the diameters are different between 
the internal and external magnetic structures, the proper mag
netic fields generated can be different between the two struc
tures. In an optimized variant, volumes of magnets are 
adjusted to make magnetic fields equal between the internal 
and external structures. 

It is to be noted that, in a variant of FIG. 5, magnetic 
structures of the type 5' (FIG. 2) and 5" (FIG. 3) can be 
implemented according to any possible combination with a 
regular gap border (parallel straight edges). 

FIGS. 2 and 3 show variants in which top 7', 7" and bottom 
9', 9" covering magnets have the same width, which is how
ever smaller (FIG. 2) or larger (FIG. 3) than that of interme
diate magnet 8', 8". In magnetic structures 5' and 5" of FIGS. 
2 and3, covering magnets 7', 7" and 9', 9" are arranged so that 
the gap-side pole faces thereof are on the same plane as those 
of intermediate magnet 8', 8". It is to be understood that this is 
valid for both an internal and an external magnetic structure 
(relative to coil-bearing mandrel) so that the gap border is 
straight. 

By way of example of a structure of the type of that of FIG. 
2, the intermediate magnet consists of N48 ofl 0 mm high and 
12 mm wide, and covering magnets consist of N52 and are 
each 3 mm high and 10 mm wide. This configuration enables 
obtaining in a 2 mm-wide gap, at the coil-bearing mandrel 
(which is then approximately at 1 mm from the gap edge), a 
uniform magnetic field of 0.77 Tesla. 

6 
In magnetic structure 10 of FIG. 4, intermediate magnet 8 

alone has a radial magnetic polarization (horizontal in the 
figure), and top 11 and bottom 12 covering magnets have 
axial magnetic polarizations (vertical in the figure and thus 
parallel to axis of symmetry 6 of the loudspeaker). Moreover, 
these magnetic polarizations of covering magnets 11, 12 are 
opposite to each other. Pole face signs of the three magnets are 
such that the generated magnetic field is preferably directed 
toward the gap. In the shown pole configuration, the gener-

10 ated magnetic field loops (loops back) on the gap side because 
the gap-side pole face of intermediate magnet 8 is of opposite 
sign relative to that of the free pole faces (top and bottom in 
the figure) of covering magnets 11 and 12. Unlike the previ
ous exclusively radial configurations, remanent magnetiza-

15 tion of intermediate magnet 8 is higher than remanent mag
netization of each of covering magnets 11 or 12. A 
configuration according to FIG. 4 with intermediate magnet 8 
ofl A  Tesla and covering magnets 11, 12 of 1.1 Tesla each has 
been calculated; it generates a magnetic induction of 0.62 

20 Tesla over 65% of the intermediate magnet height. 
Another configuration according to FIG. 4 with interme

diate magnet 8 of 1.1 Tesla (5 mm high and 16 mm wide) and 
covering magnets 11, 12 of 0.52 Tesla each (2 mm high and 16 
mm wide each) has been calculated; it generates a sensibly 

25 uniform magnetic induction, this time over about 70% of the 
intermediate magnet height at 0.3 mm from the gap border. 

It is important to note that a structure of the type of that of 
FIG. 4 (with crossed-polarization magnets) does not enable a 
substantially uniform magnetic induction to be obtained 

30 along the generating line bearing the coil in the gap over a 
height which at least equal to the intermediate magnet height, 
contrary to the other described structures (with parallel-po
larization magnets). 

In embodiment variants, size and/or magnetization of the 
35 internal magnetic structure are independent of those of the 

external magnetic structure. Two embodiments of this type 
have been shown in FIGS. 6 and 7. Thus, it will be understood 
that all the combinations of size and/or magnetization differ
ences between internal and external structures are encom-

40 passed in the scope of the invention. Preferably, with regard to 
the absence of rotational symmetry for magnetization, the 
whole arrangement of magnetic polarizations of internal and 
external magnetic structures remains identical, i.e. only radial 
in both internal and external structures (cf. FIGS. 5 and 6) or 

45 both with axial +radial combination (cf. FIG. 7). 
All examples are given by way of information only and it 

will be understood that it is possible, without departing from 
the general scope of the invention, to invert the magnetic 
structures (external toward internal and/or symmetrically 

50 according to the cases), to split them (internal and external 
magnetic structure), to invert magnetic polarization orienta
tions (North pole becomes South pole and conversely). 
Finally, it is to be noticed that, when considering essentially 
loudspeakers with a circular cylindrical symmetry, dome-

55 shaped or cone-shaped, the diaphragm being circumscribed 
by circumferences, the invention may notably also apply to 
loudspeakers that are elliptical, or even square or substan
tially square in shape (with rounds corners). 

The invention claimed is: 
60 1. Magnetic structure (5, 5', 5", 10) generating a magnetic 

field for an ironless motor of an electrodynamic loudspeaker 
(1) having a mobile coil (2), wherein the magnetic structure 
generates a magnetic field in a gap in which the coil is 
arranged, said magnetic structure consisting of a stack of 

65 three magnets corresponding to one intermediate magnet (8, 
8', 8") and two top and bottom covering magnets (7, 9) (7', 9') 
(7", 9") (11, 12), the gap-circumscribing edges of said mag-
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nets being aligned and fonning a straight gap border, said 
magnets being further located side by side, the intermediate 
magnet having a radial magnetic polarization, the covering 
magnets having the same magnetic polarization and substan
tially identical remanent magnetizations, 

characterized in that the covering magnets have a radial (7, 

9) (7', 9') (7", 9") or axial (11, 12) magnetic polarization 
and in that, when magnetic polarization of the covering 
magnets is radial, remanent magnetization of each cov
ering magnet is higher than remanent magnetization of 10 

the i�ter:nediate magnet, and in that when magnetic 
polarIzation of the covering magnets is axial, remanent 
magnetization of each covering magnet is lower than 
remanent magnetization of the intennediate magnet. 

. 
2. !he magnetic structure according to claim 1, character- 15 

�ze� m that remanent magnetization of each covering magnet 
IS hIgher or lower, according to the case, by 1 % of remanent 
magnetization of the intennediate magnet, and preferably by 
5%. 

. 3. !he magnetic structure according to claim 1, character- 20 

�ze� m that remanent magnetization of each covering magnet 
IS hIgher or lower, according to the case, by 10% of remanent 
magnetization of the intermediate magnet. 

8 
9. l':10tor for an electrodynamic loudspeaker comprising, 

opposIte to each other and at the same level, two magnetic 
structures internal and external relative to the coil character
ized in .that each of the structures is according �o claim 1, 
magnetic polarizations of similar magnets being identical in 
both magnetic structures. 

10. Loudspeaker comprising a motor according to claim 8. 
11. The magnetic structure according to claim 2 character

ized in that, in a magnetic structure, the width of each cover
ing magnet is larger than the width of the intermediate mag
net. 

12. The magnetic structure according to claim 3 character
ized in that, in a magnetic structure, the width of each cover
ing magnet is larger than the width of the intermediate mag
net. 

13. The magnetic structure according to claim 2, charac
terized in that, in a magnetic structure, the width of each 
covering magnet is smaller than or equal to the width of the 
intermediate magnet. 

14. The magnetic structure according to claim 3 charac
terized in that, in a magnetic structure, the width

' 
of each 

covering magnet is smaller than or equal to the width of the 
intermediate magnet. 

4. The magnetic structure according to claim 1 character
ized in that, in a magnetic structure, the width of �ach cover
ing magnet is larger than the width of the intermediate mag
net. 

5. The magnetic structure according to claim 1, character
ized in that, in a magnetic structure, the width of each cover
ing magnet is smaller than or equal to the width of the inter- 30 

mediate magnet. 

15. The magnetic structure according to claim 2 charac-

25 terize.d i� that the three magnets have the same �agnetic 
polarIzation, the polarization being radial, the same-sign pole 
fac�s of the three magnets lining the gap, remanent magneti
zation of each covering magnet being higher than remanent 
magnetization of the intennediate magnet. 

16. The magnetic structure according to claim 2, charac-
terize.d i� that the intermediate magnet has a radial magnetic 
polar�zat�on and t�e two covering magnets have a magnetic 
polarIzation that IS coaxial to the axis of symmetry of the 
loudspeaker, signs of the covering magnet pole faces in con-

6. The magnetic structure according to claim 1 character
!ze� in that the t�ee magnets have the same mag�etic polar
IzatIOn, the polanzation being radial, the same-sign pole faces 
of the three magnets lining the gap, remanent magnetization 

�f e�ch coveri�g magnet being higher than remanent magne
tizatIOn of the mtermediate magnet. 

35 tact with the intennediate magnet being mutually identical 
and the same as the sign of the gap-lining pole face of the 
intermediate magnet, remanent magnetization of each cover
ing magnet being lower than remanent magnetization of the 

7. The magnetic structure according to claim 1 character
ized !n t�at the intermediate magnet has a radi�l magnetic 
polanzatlOn and the two covering magnets have a magnetic 40 

polarization that is coaxial to the axis of symmetry of the 
loudspeaker, signs of the covering magnet pole faces in con
tact with the intennediate magnet being mutually identical 
and the same as the sign of the gap-lining pole face of the 
intermediate magnet, remanent magnetization of each cover
ing magnet being lower than remanent magnetization of the 
intermediate magnet. 

intermediate magnet. 
17. Motor for an electrodynamic loudspeaker, character

ized in tha� it comprises a single magnetic structure (5, 5', 5", 
1 0) accordmg to claim 2, wherein said magnetic structure can 
be internal or external relative to the coil. 

18 . . Motor for an electrodynamic loudspeaker comprising, 

45 opposIte t� each other and at the same level, two magnetic 
structures mternal and external relative to the coil character
ized in that each of the structures is according �o claim 2 
magnetic polarizations of similar magnets being identical i� 

8. Motor for an electrodynamic loudspeaker characterized 
in that �t comprises a single magnetic structur� (5, 5', 5", 10) 
accordmg to claim 1, wherein said magnetic structure can be 

5
0 

internal or external relative to the coil. 

both magnetic structures. 
19. Loudspeaker comprising a motor according to claim 9. 

* * * * * 
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Non-Linear Distortion in Dynamic Loudspeakers due to Magnetic Effects 

W. J. CUNNINGRA1rI 
Yale Universuy, New Haven, Connuticut 

(Received December 29, 1948) 

Two sources of non-linear distortion in a dynamic loud
speaker are considered in this discussion; both are related 
to the magnetic characteristics of the driving mechanism. 
The first type of distortion arises because of a force of attrac
tion between the voice coil, carrying a current, and the iron 
of the field structure. This force varies as the square of the 
current and produces second harmonic distortion. The force 
may be related to the space rate of change of self-inductance 
of the voice coil as it moves in the air gap. The magnitude of 
the distortion produced in this way may be several tenths of 
one percent, and is greater for low frequencies and large 
currents. This distortion may be reduced by proper propor
tioning of the voice coil and field structure and by using a 
short-circuited winding on the field structure. 

A NUMBER of possible sources of non-linear 
distortion in a dynamic loudspeaker have been 

discussed in the literature. 1 Two sources of such dis
tortion are examined in the present paper; both are 
related to magnetic effects occurring in the driving 
mechanism of the speaker. The first of these sources 
of distortion apparently has not been described be
fore. The second is well known qualitatively, but an 
analysis is presented here which leads to quantita
tive data concerning its importance. 

I. DISTORTION DUE TO MAGNETIC 
ATTRACTION FORCE 

It is well known that a coil of wire carrying a 
current may have a force of attraction for any ferro
magnetic body in its neighborhood. The voice coil 
of a dynamic loudspeaker is located near the iron 
structure which serves to produce the steady mag
netic field. A current in the voice coil will cause an 
attraction force between the coil and the field struc
ture. This effect is not dependent u'pon the presence 
of a steady field. The magnitude of the force may be 
expressed most simply in tenns of the space rate of 
change of the self-inductance of the voice coil as it 
moves with respect to the field structure. 

When there is a current in the coil, the energy 
stored in the magnetic field is W M = tLP, where L 
is the self-inductance of the coil, and I is the cur
rent . If the coil is displaced by the action of a force, 
the work done is W F = foz Fdx, where F is the force, 
and x is the displacement. Displacement of the coil 
changes its self-inductance, and the resulting change 
in magnetic energy is just equal to the mechanical 
energy required for the motion. These two energies 
may be found from the relations above, their values 
equated, and the derivative taken to give the force. 

1 H. F. Olson, Elements of Acoustical Engineering (D. Van 
Nostrand Company, Inc., New York, 1947), pp. 163 If. 

The second type of distortion arises due to non-uniformity 
of the magnetic field in which the voice coil moves. This 
effect is well known qualitatively, but equations are given 
here for its quantitative evaluation. These equations indicate 
that the distortion characteristically is less than one percent, 
and is greater for large amplitudes of motion. If the voice coil 
is centered in a symmetrical field, only odd-order distortion 
is produced. If the field is not symmetrical about the voice 
coil, even-order distortion is also present. This distortion may 

be reduced by proportioning the voice coil and field structure 
so that the mean field in which the coil moves remains as 
constant as possible. 

The force is found to be 

F= !P(dL/dx), (1) 

where dL/dx is the rate of change of self-inductance 
as the coil moves with respect to its surroundings . 

If the current in the coil is cosinusoidal, II coswt, the 
force is given by the equation 

F= lI12(dL/dx) (1 +cos2wt). (2) 

It is seen that the force is always in the same direc
tion and has components of zero frequency and 
twice the frequency of the current. 

In a dynamic loudspeaker the voice coil is located 
in a region of intense steady magnetic field. The 
interaction between the field, of flux density B, and 
the voice coil carrying current in an effective length 
of wire l, gives a force 

F = BlI = BlI 1 coswt, (3) 

where the second form is for the cosinusoidal cur
rent. If the system is linear, the total force is 

F=BlIl coswt+1I12(dL/dx)(1 +cos2wt). (4) 

So long as the iron of the field structure is not 
saturated magnetically (which seems to be the case 
for many speakers , according to experimental tests) 
the system is very nearly linear, and the forces may 
be added as was just done. If the iron were satu
rated by the steady field, the self-inductance of the 
voice coil would be reduced and the distortion force 
would not be so large. 

It is evident from the analysis just given that the 
total force generated by the driving mechanism 
consists of a component having the frequency of the 
current, together with components of zero frequency 
and of twice the frequency of the current. Second 

202 
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harmonic distortion is produced. * The magnitude of 
this distortion may now be determined. At fre
quencies higher than the mechanical resonant 
frequency of the loudspeaker, but low enough that 
the radiation resistance varies with frequency 
squared, the sound pressure produced IS propor

tional to the force driving the cone. Thus, the 
percent second harmonic distortion in the sound 
pressure is 

% 2nd=100P2/PI=100F2/FI 
= 100II(dL/dx)/4BI. (5) 

Here PI and P2 and Fl and F2 are the componen.ts of 
sound pressure and force, respectively, at the funda
mental and second harmonic frequencies. The 
steady force is 

(6) 

Since the calculation of dL/dx from the geometry 
of the voice coil and the field structure is not at all 
simple , it must be measured experimentally in order 
to be able to find the distortion. One experimental 
method is to determine the self-inductance of the 
voice coil as a function of its position in the field 
structure. This measurement may be carried out 
with no difficulty using any of the standard impe
dance bridges. The only precautions to be observed 

are those required by the relatively small value of 
the self-inductance of the coil, and by the necessity 
of preventing any motion of the latter. Any motion 
relative to the field structure will, of course, intro

duce errors. It has been found experimentally that 
the value of the self-inductance measured in this 
way is usually independent of the flux density of the 
steady field (i.e., the system is linear). If the field is 
separately excited it is best not to supply current to 
the field coil so as to minimize difficulty in pre
venting motion of the voice coil. It is usually most 
convenient to use a test voice coil, identical with the 
actual coil but attached to a movable support rather 
than to a cone. 

Typical results of such bridge measurements are 
shown in Fig. 1. These curves were obtained for a 
conventional dynamic loudspeaker with a sepa
rately excited field coil. The voice coil was 2.5 em in 
diameter, and consisted of 33 turns of number 30 
wire having a total d.c. resistance of 1.2 ohms and 
being wound in two layers. Data are shown for two 
widely different frequencies and for the terminals of 
the field coil both open- and short-circuited. The 
zero position corresponds to the voice coil being 
centered longitudinally in the air gap (at its normal 

• The presence of this distortion may readily be demon
strated with a d

r
namic loudspeaker having a separately ex

cited field coil. I a current of a given frequency flows in the 
voice coil, a sound of that frequency is produced. If, now, the 
field current is adjusted carefully so as to make the steady 
magnetic field zero, the sound from the speaker becomes much 
weaker, but is an octave hi�her than before. 

position). The flux density of the steady magnetic 
field when fully excited was about 10,000 gauss. If a 
sinusoidal current having a peak value of one 
ampere flows in the voice coil, the percent second 
harmonic distortion may be calculated from Eq. (5) 
and the data of Fig. 1. Results of such calculations 
are shown in Fig. 2. The largest distortion occurs at 
low frequencies with the field coil open-circuited and 
is only 0.2 percent .. Distortion with the field coil 
short-circuited is very small and changes but 
slightly with frequency. The variation of the distor
tion at the single frequency of 100 c. p.s. , as the peak 
current in the voice coil is changed , is shown in 
Fig. 3. Also plotted in this figure are the steady 
force, Fo, and the power supplied to the voice coil. 
Equation (5) and Eq. (6) were used in obtaining 
these curves. The power was calculated with the 
assumption of zero efficiency for the loudspeaker, 
i.e., the acoustical power output is negligibly small. 

Before discussing the phenomena involved in 
these results, a second experimental method of de
termining dL/ dx may be described. This method is 
based on a measurement of the steady force due to a 
sinusoidal current in the voice coil. The coil is at
tached to a mass, M, which is hung as a pendulum 
of length, r, from a fixed support. The coil is 
centered properly in the field structure. A cosinus
oidal current, II coswt, in the coil produces a steady 
force, Fo, which in tum gives to the pendulum a 
steady deflection, Xo. The force 15 glven by the 
relation 

Fo = Mgxo/r. (7) 

This Eq. (7), together with Eq. (6), may be used to 
find dL/dx. If the mass is large and if the pendulum 
has a period long compared with that of the current, 
negligible vibration will occur at the frequency of 
the current . Experimental measurements by this 
pendulum technique give very good agreement with 
the bridge measurements. Because of the experi
mental difficulties of centering the coil accurately 
and measuring relatively small displacements , the 
pendulum method is not so simple to use as is the 
bridge method. 
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FIG. 1. Self-inductance of typical voice coil as a function of itl 
position in the field structure. 
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The shapes of the curves of Fig. 1 and Fig. 2 may 
be explained as follows: when the voice coil is well 
outside the field structure, its self-inductance is 
merely that of the coil alone. As it is moved towards 
the iron structure the increased permeability of the 
surroundings causes an increase in the self-induc
tance of the coil. Provided the field coil is open
circuited and the frequency is not too high the self
inductance of the voice coil continues to increase 
until the coil is well within· the iron. The self
inductance is increasing as the voice coil is moved 
past its normal position in the air gap. This effect is 
shown in the upper curve of Fig. 1. If the field coil 
is short-circuited, the mutual inductance between it 
and the voice coil influences the self-inductance of 
the latter. Current in the voice coil induces a cur
rent in the field coil which, in turn, produces a 
magnetic field opposing that of the voice coil and 
reducing its self-inductance. The result is that as the 
voice coil approaches the shorted field coil, the self
inductance of the voice coil reaches a maximum and 
then becomes smaller as the coils become closer. 
This effect is shown in the middle curve of Fig. 1. If 
the maximum self-inductance happens to occur near 
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FIG. 2. Second harmonic distortion due to attraction effect as a 
function of frequency. Peak voice-coil current i� 1.0 amp. 

the normal operating position of the voice coil, dis
tortion will be low since dL/dx is then low. At the 
higher frequencies eddy currents induced in the 
solid iron field structure are sufficient to give the 
same effect as the shorted field coil at the lower fre
quencies. The self-inductance of the voice coil is 
then almost the same, whether the fielrl coil is 
opened or shorted, and is relatively small. This effect 
is shown in the lower curve of Fig. 1. 

Evidently it should be possible to arrange the 
geometry of the driving mechan ism so as to make 
the rate of change of inductance, dL/dx, and hence 
the distortion, small at the operating position of the 
voice coil. At the lower frequencies, at least, a short
circuited winding about the field structure can be 
used to accomplish this result. The coil of a sepa
rately excited field is such a winding, since either the 
field current is supplied from a source of low resist
ance, or the coil is shunted by large filter capacitors. 
A permanent magnet excitation for the field does 

not have such a short-circuited winding and this 
type of speaker normally shows the distortion effect. 
A winding with a relatively large cross section of 
copper around the magnet is needed to reduce the 
distortion to zero. ** If the coils are properly pro
portioned, current induced in the shorted winding 
by current in the voice coil causes just the proper 
change in the magnetic field in which the voice coil 
operates to counterbalance the distortion force. 

Incomplete experimental data indicate that the 
distortion may be reduced through the use of a 
shorted winding as just described, although con
siderable copper may be required. Somewhat the 
same effect is obtained if a small stationary coil is 
placed on the field structure and connected in series 
with the voice coil. The arrangement is similar to 
the hum-bucking coil, used in some separately ex
cited speakers, but the proper connection of the 
extra coil to minimize distox:tion is just opposite 
from that to reduce hum produced by varying cur
rent in the field coil. Lower distortion is usually ob
tained if the winding of the voice coil is relatively 
long, say about the length of the air gap. A short 
concentrated winding gives more of this type of 
distortion than does a longer one. Also, distortion 
may be reduced by extending the center cylindrical 
member of the field structure, around which the 
voice coil is placed, forward beyond the flat plate 
which usually forms the front of the field structure. 
Such a shape for the iron pieces causes the rate of 
change of self-inductance to be less rapid than for 
the usual design. Finally, since the distortion force 
is independent of the steady field, an increase in this 
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FIG. 3. Second har mon ic distortion and steady force due to 
attraction effects, and power input, as a function of peak voice
coil current. Frequency is 100 c.p.s. and field coil is open
circuited. 

• •  Some permanent magnet speakers are assembled with a 
copper ring around the front of the magnet, serving as a 
shield to keep extraneous particles out of the air gap. This ring 
does not have sufficient cross section to he of much benefit as 
far as the distortion is concerned. 
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field increases the force at the driving frequency and 
reduces the relative distortion. 

The conclusion of this study is that there is a 
second harmonic distortion arising from the mag
netic attraction force, but that for a typical driving 
mechan ism the resulting distortion is probably only 
a few tenths of a percent. and is larger at the lower 
frequencies. Of course, intermodulation distortion 
including rectification will occur if currents of 
several frequencies are applied simultaneously. If 
these effects are large enough to be i mportant in the 
application of the loudspeaker, the directions arc 
indicated in which the design should be modified. 

II. DISTORTION DUE TO NON-UNIFORM 
MAG NETIC FIELD 

The flux densi ty of the magnetic field in which the 
voice coil moves is not uniform because of fringing 
effects at the two ends of the iron structure . Since 
the force produced by a current in the voice coil de
pends directly upon the flux density , distortion will 
occur as the voice coil traverses the field. The 
qualitative features of this effect are well known.2 
The following calculations are an attempt to evaluate 
the distortion q uan tita tively. 

In Fig. 4 is shown a plot of the magnetic field lines 
about one portion of the air gap of a loudspeaker 
mechanism . The length of the gap is assumed to be 
four times its width and the permeability of the iron 
is infinite. The lower curve of Fig. 4 shows the rela
tive flux density, BI Bo. as a function of position 
along the iron structure . The density is measured at 
a constant distance of half the width of the air gap 
from the center pole. I t may be observed that the 
field is not constant even within the air gap, and 
that it extends relatively far outside the gap at both 
ends. Data for this figure were obtained mathe
matically by an application of the theory of conju
gate functions, but the lower curve checks well with 
published experimental curves. 

Since the mathematical equation for the lower 
curve of Fig. 4 is quite complicated, it is not of much 
use in a simp le analysis. For that reason an approxi

mate curve, shown dotted in the figure, is proposed 
for use in the following study. The approximate 
curve fits the actual curve moderately well and is a 
simple parabola. I ts equation is 

B =Bo-k(x-a)2. (8) 

Here, B is the flux density at any point, x; Bo is the 
maximum flux density , occurring at x =a; k is a con
stant chosen to make the curves match as well as 
possible. 

Since any physical voice coil has a finite length, 
different portions of the coil are in regions of differ-

2 N. W. McLachlan. Loudspeakers (Oxford University Press. 
London. 1934). pp. 239 ff. 

ent flux density. It is not difficult to show that the 
total force on the coil may be calculated with small 
error if the value of the flux density at the longi 

tudinal center of the coil is assumed to exist over its 
entire length. Such a calculation gives a force which 
is too large, in the case of the parabolic curve of flux 
density, but which var ies correctly as the coil moves 
in the field. For simplicity in the following analysis 
the voice coil will be assumed to have zero length . 

The voice coil drives a mass, lvI, and is suppor ted 
on a spring system having a compliance such that 
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FIG. 4. Plot of magnetic field around one part of air gap; iron 
pieces are shaded. Lower curve sbows relative magnetic flux 
density along center line of air gap. together with a simple 
approximation to this curve. 

the resonant angular frequency of the system is woo 
The equilibrium position of the voice coil in the 
magnetic field is at x = O. Since the ma.ximum flux 
density occurs at the point x = a, it is not necessary 
that this point be the same as the rest position of the 
coil. The mechanic.al resistance of the system will be 
neglected . The results of the analysis are therefore 
incorrect near the resonant frequency. 

If a current, [1 coswt, flows in the voice coil, the 
resulting motion is described by the differential 
equation 

i+wo2x= (11 M)[Bo-k(x-a)2]lI1 coswt. (9) 

This equation may be written more simply as 

i+wo2x=P coswt-Q(x-a)2 coswt (10) 

where P=Bolld M and Q=klld M. Since this equa
tion of motion is a non-linear differential equation, 
its solution cannot be found in any simple manner. 
The non-linearity arises because of the presence of 
the term in k, or Q. If this term is relatively small it 
should be possible to obtain an approximate solution 
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for the equation by a perturbation type of analysis. 
It will be assumed that the solution for Eq. (10) 
may be expressed as the series 

(11) 

where Q is relatively small. 
The assumed solution, Eq. (11), may be substi

tuted into Eq. (10) in order to determine the parts 
of the solution, Xa, Xb, etc. As a first approximation, 
only terms in the zeroth and first powers of Q need 
be retained. Two equations are formed in this way, 
one composed of terms in which Q does not appear, 
and the other in which Q appears to the first power. 
These two equations must be satisfied independ
ently. If only the steady-state terms are considered, 
the solution of the first of the two equations is 

(12) 

If this first solution is combined with the second 
of the two equations a long sequence of terms arises. 
These terms represent oscillations at several fre
quencies and show the introduction of non-linear 
distortion. At frequencies higher than the mechanical 
resonance of the loudspeaker, but low enough that 
the radiation resistance varies as frequency squared, 
the sound pressure for a constant displacement of 
the cone is proportional to the square of the fre
quency. This fact, combined with the terms of the 
approximate solution for Eq. (10), allows the 
percent distortion of the resulting sound to be 
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FIG. S. Peak displacements and distortion due to non
uniform field, and power input, as a function of peak voice-coil 
current. Frequency is 125 c.p.s. and rest position of voice coil 
is O.OS cm from center of air gap. 

found. The results are 

percent second = % 2nd 

percent third = % 3rd 
=900QP/4(w02_W2)(wo2-9w2). (14) 

The peak displacement at the driving frequency is 
nearly 

(15 ) 

There is also a steady displacement,*** given by 

(16) 

Very small quantities are neglected in writing these 
equations. 

The equations indicate that large distortion may 
occur at the mechanical resonant frequency, or its 
sub-multiples, although dissipation will actually 
limit the magnitude of such distortion. The results 
do not consider transient oscillations of the system 
which occur near its resonant frequency, and at 
various sum and difference combinations with the 
driving frequency and its mu ltiples. Dissipation will 
cause such transient oscillations to disappear rapidly. 
The results given here are obtained by using only 
the first power of the parameter Q in Eq. (11); 
higher order distortion of smaller magnitude will 
occur if higher powers of Q are retained. 

The preceding equations may be used to predict 
the performance of a typical dynamic loudspeaker. 
The constants assumed for the following calcula
tions are those which apply to the particular speaker 
considered in the first section of this paper, and are 
as follows: 

Bo = 10,000 gauss 
length of air gap = 0.5 cm 
width of air gap = 0.5/4 cm 
k =40,000 gauss/cm2 
1=260 cm 

M=20 g 
Wo = 27r1o = 500 rad. /sec. 
10=80 c.p.s. 

d.c. resistance of 
voice coil = 1.2 ohm. 

The approximate curve of flux density is that shown 
in Fig. 4. If the suspension springs hold the coil ac
curately centered longitudinally in the air gap, so 
that a = 0, there is no second harmonic distortion 
(Eq. (13)) and no steady deflection (Eq. (16)). In 
order to show the effect of improper centering, it will 
be assumed that a = 0.05 cm in the following 
calcula tions. 

In Fig. 5 are shown the results of calculations for 
the loudspeaker operating with a current at a fre
quency of 125 c.p.s. (w=800 rad./sec.) in the voice 
coil. Power is calculated with the assumption of zero 

••• This steady deBection may be demonstrated readily by 
placing a voice coil, not attached to anything else, loosely in 
the air gap of the field structure. If the coil carries a current of 
low frequency, it is immediately forced out of the gap. 
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efficiency for the speaker. In Fig. 6 is shown the 
performance as a function of frequency for a driving 
current having a peak value of one ampere. These 
curves indicate the expected results that the dis
tortion is larger for low frequencies and large cur
rents, where the amplitude of motion is large. The 
magnitude of the distortion is not great, however, if 
the amplitude of motion is small. 

The results are calculated for the case of the para
bolic curve of flux density used in Eq. (8). Since this 
curve fits the actual curve only moderately well 
(Fig. 4), the results are only approximately correct. 
The actual curve is flatter for small displacements 
than is the assumed curve; thus the distortion for 
small amplitudes of motion will be less than pre
dicted. The actual curve is not symmetrical, as is 
the assumed curve; thus, the elimination of the 
second harmonic and the steady displacement by 
accurate longitudinal centering of the voice coil will 
not occur in practice. The orders of magnitude of 
the distortion should be nearly corre'ct, except near 
the resonant frequency. 

The preceding analysis is based on the assumption 
of a sinusoidal current of a single frequency in the 
voice coil, implying operation from a current source. 
Actually, most practical amplifiers used with loud
speakers are ¥Oltage sources, and will apply a 
sinusoidal voltage across the voice coil. The analysis 
of the speaker with a voltage source is somewhat 
more complicated than that presented here, since 
the input impedance of the voice coil is not constant. 
The difference appears primarily as an extra term 
in x for Eq. (9). This added term normally is of 
importance only near the mechanical resonant fre
quency. At frequencies away from resonance, the 
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FIG. 6. Peak displacement and distort ion due to non
uniform field as a function of frequency. Peak voice-coil cur
rent is 1.0 amp., and rest posi tion of coil is 0,05 em from center 
of air gap. 

distortion for the voltage source is nearly the same 
as for the current source. 

In conclusion, it may be observed tnat the 
harmonic distortion produced by the non-uni
formity of the magn etic field is less than one percent 
in most cases. If a current containing components at 
several frequencies flows in the voice coil, inter
modulation distortion including rectification will 
occur. Such distortion may be reduced by either of 
two procedures.3 The voice coil either may be 
enough shorter than the air gap so it will always 
remain in a region of uniform field, or may be enough 
longer than the air gap so that the effective flux 
density over the length of the coil remains essentially 
constant. Either design is better than that in which 
coil and gap are of equal length. 

� H. F. Olson, reference I, p. 170. 
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VARIATION OF THE INDUCTANCE OF COILS DUE TO THE 
MAGNETIC SHIBI.DING EFFECT OF EDDY 

CURRENTS IN TH,E CORES� 

By 
.}(, L, SCOTT 

l.�ummar�' .1,. anll.ly�is is mads of thlJ Hhieldin(J effcl".t o{ eddy CU1're7�ts on 
the ,/lt42; �n the intcrinr oJ oores of cylinddCttl ot fla" 8 hcet t1\ateria. It i8 shOll;n tha' 
tit, r.f)1m'er voltage of setf i1icJ.1J.ctancc of en iron.r:nre,] coil is due: nnly to lht com-
110,ttlnt of .flu:r; 1�1't tile �DTe tdtich, i.� in phau wit/I tlLs flux at the surface 01 the (':t1Tfi. 
E:el'rCJCI"O�8 (lrt� olAair�cd rmd CUrt'U pln,tecZ aho'l)inr] th6 variatiQ11S of iNl1Ad4ftot 
0/ <t. �W witlt !y,qucnr:y, Or l��ith tll(� ctmauctivit,y and pumrm7Jility vI the oore m(J.te. 
",,1. 84fttple txllc� mul some �l!pr.rimtRt(t,l � GNI gi1Je1h. The roWI. 
JlIUIlO 'tIftIt w. i.m.crmu:f¥ at �,, � � ad1lDll1! � tlan I.M pr6d� 
�al,,�.s, � kad.t WI flu: � eMt �"11U /tJCWr olAtT lJt4m eJdy c:un'm(,r 
t'<nUt. tlu fttu; i1l 'fte: inf:e:'itw of Ul� � 10 dcr:rfll3e u:itJt � I�v. 

IN'TRODUCTION 
If T IS well known that if a,sinusoidal elcc�romotive force is impr�sed 1L upon a cylindrical or sheet con<ruetor, thc current dem;ity will 

not be uniform thr'oughout the body of the conductor, but wHI 
varY from tbe �urface to thc nenier in a manner wbicb depend� upon 
the frr.quency ()f the impressed c.m.f. and upon t.he ma�net.ic permea
bility :rl.nd electrical conductivity of the conductor material. S�milar'ly 
if a. ainut:oid3.l electromot.ive force is imprcs�e(l upon a coil enclosing a. 
OOl'e of cylindrical or �bcct m:tt.crio.l, the magnetic flux d�jty within 
Lhe core win Y1l1'Y in the same rrUU\D�r And wit.h the same quantiti� 
w; the CUlrent dcrurity in the electric;u CU�. 

',t"he.c phenomena are pMbably boflst known � "skin effect" in the 
cn.se of conciuctors, and a� tile "ahicl ding c�fIect of eddy currents" in 
t.he c�t.�e of cores. The equations fo1' current dcn�ity or fiux: density 
are identical in form for either wires or �beets, whence tbe current 
distl'ibution in conductors varies in the same mannCr tl.R the flux di..�· 
tribution in corc�. IIowevcr1 in tb.e 68.SC of conductor�, we are chiefly 
intercf'lt�d in the crowding of the cut'rent· t.o the outer byers of tb.e 
conduot�r as it affects the resistalloe losses jn the conductor: whilo, 
in the ca.sC of cores, we are intere$ted in the flux distribution in thc 
core a..� it modifies the resistanoc lo�F.ng in tbe core and the ind uctance 
of the eoil ourroullding the core. 

• D�wey decimal eJ_fiOSUoD: Bl4S.8. 9!ipaI tDlllUlscript received by the �D..ut.ate, M.ay 29, 1930. �tad before l'Uth AanQal CoDft;J1tiOD of thO Inetitute, August. 20, 1930. ... 

17S0 
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The Itt Uer pha.se of the shielding effeet of eddy currents is one of 
con�!idel·a.blc interl��t in view of the widcR pread usc or induction coils1 
tranRi'ol'n161'S, ti.nd other d�ctrom�gn('.tic a.ppa.rntus, pfU'ticularly in tile 

field of electrical QommunicatioH. Accordingly, i t  U:! pl'opo�ed to df-�
velop tho relationships which have a bearing on the design of coils 
ha. ving corr.� of magnetic or conducting material�. 

. 

N 01'ATI0N 

The following not.ation wi)! apply thronghout the reet of the dis
cm:SHllJ. 

B I: t.he magnetic flux: density (in maxwolls pel' sqnare cent.i
meter) at any point within the core m9,hl'i:l.1. 

� -=till� distance (in ccutlmct.crs) from t.he axls of the cylindricn.l 
corc, or the mid-plrmc of thc fbt Bhct:t of core m,�t�rial. 

B.c-=t.he value of B at the point :t:. 
11� c:the value of B at the surfaoo of the COI'(>. 
j=v'-l 
C I: .. /8jf'l,u'Y/lO-tI 
Po - the magnetic pCl'm�fLhili ty of the core ma.tcri!\l in maxwells 

per slluare centim�ter 'per gilbert per centimeter. 
'Y = the electrical conductivity of the core ma.t.el'lnl in ohms per 

cubic cent.imeter. 
N -tile llumbcr of turns in the coU. 
L = the inductance of the eoil, in henries-

Lo=theinduetance of the ooil withouC,eddy curren.ts in the core, 
in henries. 

I c:the current in t·he coil. 
!=the frequency of the impressed magne·tomotivc force in 

cycles; per �ccon.d. 
a. = the radius of the cylindrical core, or half thickness of tho 

sheets, in centimeters. 
6-the skin thickness of the core material in centimeters 

S030 
----

MA TRF.M.-\'I'JCAL DEVELOPMENT 
The differential equat·ion applicable to t.he �ore of circular cross 

£ection ia� 
d2B 1 dB -+ .. _- -jc;'2B = 0 (1) d.:rfl � th  

I Dl&yj. and Burch. "'Theory of lrAdy CUtTebt HaUJLc, It Bmut Benn. Ltd. 



while for the f.at: sheet we h3.ve% 

(2) 

Eq1,.U1Lion (J) is known as Fouritsr't> eqtlation. It6 soluUon fOT the 
present <.���c, with the arbitra.ry conl'tants evaluated, is 

(:� ) 

in which J 0 is the /.oroth ordor Besscl'� CUnGtlon of the first kind. This . 
ma.y be written as follows, ul'ing the relation ,To(v-jcx)�b�I' 
(ex) + j Lei (ex). 

ber (ex) + j bei (cz) Bs = B.· ._--

b�r {r.�} + j bei (ca) . 
or, s\lbstituting V2/8 for c) we have 

V2x \/'2r 
L8r' -' +jbei--

., s 
Rr = Bs- , ._--

v'2a �/2a ber _ ... + j hci -=. ... -
s ,� 

The COI'f��ponding soLution of (�) is 
(X 3; �. cos - + jsin· . . s a Bs = H.,-------

.-�{ (�O< - j sin :) 
ftl!� (cos.!!..- + i sin �.) + fr-a,{cos � - j sin �) 

& � s ,  

(5) 

(6) 

ill which the main and reflected wa.ve term� are apparent, or we may 
write 

x x x x 
cosh - co:s - + j �illh - sin -

S $ S S Br = B,.-- - 4-- -I _. , . • _Ii • 

Q a a a 
oo�h - cos - . + j slnh - �in -

s x S S 

which is a form more suitable for further analy:lli;. 

(7) 

� C, P. Steinmcbs. to�nslcht FJtct.ric Phenomena and Oscillations.'" MfGraw-UiD Publishin� Co., NeW' YIN'k. 
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Ra.tionalill:iing (5) and (7) so they will be in the form cx+ifj results 
nn olo!uer pictul'o of t.he phenomena. The l'c�nlting equH.tiollS are 

cd 

� ,/24 ,12X v'2a v'2.& b(lT - ber···· -" + 00; -- bei ---
. s � a � n� .= B.--- ... , ... '��; ...... 

..... . .,-

( 
,12a v2a, 

b('1''l -- + ooi� .. -
, 8 

. - _. � v"20 v'2x \,'2(1 ,/2.f) 
ber -._-'- h('i -- - qci· . .. . h"I' --

S S � S 
+j-� ,- � V 2(1 . V �n ber'J -- + �I:: __ 

8 '3 ) 

(8) 

cosh � oos . . . cosh - cos .. ,- + �lnh - �in - f;illh -f;in---
s ,� s 1; S. S .� 8 

[ a  (l .1� X (? a :r. :J: 

� - B. .- .- .' . ---[ a  a (f U cosh� - co�- + sinh� -sin�- .-
s s � s 

([ a :r :r. <1 (f �J .r ] cosh - COB - sinh - sin - - f;inh -- �in - c:ush -cos··_-
8 .., oS S H S s .� 

+j . 
a (J a a 

cosh� - t:OS:! - + sinh: - S;l)�-
� 9 S � 

�'�'--- - w +. --

Fig. l-Cros$ �Act.ion of hrolulltLon. 

] 
(9) 

Equations (8) and (9) show that, for both typc.c:; of oot'�� the flux 
1: tile interior i� less th1m and lags behind the flux at the 6uriace, 
�t"e magnitude dQ�easing �.nd the angle of lug increasing with t.he 
t:tance from the lSurface. 

The reactive voltage in a coil wound upon an iron C01'8 must lag 
Ie total flux in th� eOl'e by ninety degrees. Henec, in complex nota
�mt if the total flux is given. by �, = � -iv, in wbich both u and v are 

�il n.nd positiY,�, tben the counter voltage induced in th� coil by the 
fta.l flux in the eore will be proportional to 

- j(u - jv) = - (v + ju.). (10) 



Fol' the case nf both types of eores, 91. is to he cvaluated from the. 

C<tU a tion 

(11) 

in 'V'.,hich .A is the cross section of t.he oorc, and the result, in both c$lses, 
iF. 1,hEf form �J. -jv, with the fiux density � t the Imrfa�c of the cor� a.� 
tho l'efercnce vector .. Since the flux rj�nBity at. the rmrface of the core is 

Fig. 2-Cro..I111 eection of mund rore. 

in pha�c with the current in the coil, the total flux in the COre has lL 
COmp(lnent which is in phaf-c with the current in the coil and ano�her 
component which lags the current by ninety degrees. It follows that 

-[L 

t Bs 

F�, 3-Vcctor di�gram of voltage, cunoent. �nd flux in icon-coceu coil. 
E = Voltnge imprcsl;cd �n coil. H. � l"lux dcn,::.i ty  at. !'>urfacc r,[ T -Current through coIl. lamination = 81: at r =a. BII:- C()mponen t of Bo>! prociucjn2: Eu "".J. vcru�C ilul[ denaity in If\.min� 

eddy eurrcnt voltage drop E,.o tion. . 
B " - Component. of B •• producing � Is'. � Eddy CQrreot VDI�e drop. 

&din YOlta£c drop HT.. EL � Reactive volta«e .uo'po �t-Total COWlte6 voIbge of the flux BN .. . �Ohmic re9�e alld h)��E 
in. the c�re. vvltag1! drops. 

�. - TotallLl'e& of oore times B .... 
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the oonnter ,tollage indueed in the ooil by the totM Du� has a COm
ponent oppo�it�� in J)ll:lse to the current iu the eoil and a cOlnponent 
hgging tIle Cl1rl'cn.t by ninety degrees. The fir-Rt. cOlnponent of �ltage 
repre:sents nn e�1uivalent re�ist.anee drop in tb� coil, ft.u,rtbut ... 'l,ble to 
the power cOl\�um�d by the cddy current� in th� core. Thc second 
eompone.nt. of the volt3.�e is t.hc rC:l.cl.ivr. drQ J) in tho coil. ThcHc vector 
rchl.tion!:i :\l'C 8hown by the diagram of Fig. 3, Hlu'monics in the Ourrcnt 
a.nd appHod ('lcotromotiv(� force are tl.ssumod negligihle. 

Further cOll�idtlr.).tion rev eals the fact th�\.t the terms tt. und v in 
the symbolIc expre�sion for tot:1.1 flux l'ePl'esent the summ ations , 

l'f:spcctiv�IYI of t.he in-phn.sc and qua(h.1.t\ll'� co)n l.>on<mts of the flux 

dent.'ity in the Corc� o,'(:r tJl(, cro�� s('ct.iOll� of the cOre::;. n.ncl thnt, 
therefol'e, th� reaetiv'C yoltagc in th� coB if. contrjbuted to only by 
t.he in-phQ4;e eOinponent of the Dux d�nsity in the eore, while tIle 
apPartDt rcsi��'\.nce d�oJ) in the coil duo t.o eddy cnrrents is due to 
tIle qU�dr3t"re compoue.nt or the Au:\' (lcm»ty ill the core. 

Bearing ill mind (.llat the v�llu8 �f.sum('(i b:t 11. is the SftltlO 3S tha.t 
which would obt:l.in throughout the core if there were no eddy CUl'
rent.�, the CU1'l't!llt ill tho coil br-il1g tho �a.mc in both case�, we caD 
caJcub.te the decre3.se in inductnnce of the coil due to the shiclding 
effect of, 0rldy cur'rellt.� in the following nl�n.nel', 

Givc,n a. om'rent I through t.he coil, the nux deJlsity at the surface 
of the core will be B,. If there were no eddy �u,. .. cnt�, the flux density 
throu�hout the core would equn.l lJ, n.nd the l'en.ctQn oe of the coil woul d 
be r.qll�l, for a,I'ound COl'C� to 

If eddy cun'ents are pr�eDt ) the re:tctaT\ce wHl be 

21rfN<p/(rea}) 21rJN I ) 
X = 'lrrfL = . = B (real dA 

I 1 � 

in whk·h .SoC (real) is t.he real part of (8) 

Dividing (t 3) hy (12) we �et 

{.I 
1 f . - = - - Bz(�l)d.rl. 

1.10 irtr Ra .. 

Continuing with the circular core, (1-4) becomes 

(12) 

(13) 

(14) 
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(15) 

116) 

(17) 

\\Aith (16' :tmt J3bl(� uf 1] .. · l1.'r ::lIl.ll)(·i fUll�tjnn� :tnd tll(&jr deri'·:l-
1h'rl� w(' C3h ('cIIU!ltt- ,hr r:&1iu tIl . ., fUT \A�rjn\b; '·3IlU� of fl/�, whi<,'h 
j� lhe- r:tdiu.c of the- cvr,' ('xpr('�coll ill \(Orms of t.ll(" �kiu thjckll(>��. The 
\'�ril'\ti(lft (If {he> iIHhh.'t:lt l('t' tli �, t'nil Wilh radi\l�, C(lIH.Ill('ti\·it.�·, or 
p(1rm('�hllit�, of t h(' ('(Ir(', (II' frC'lglC'J\C�· (J( l'U\Tl'nt ('�lll t.hn� lw cd('\t-
1:'\�C'cl, or H·�d from a ('un'". 

A �itnilar prt)('('�o� of 1'f';l3(lIIillj.'; 
lowtl for �h('(·t IIl:llNi�d nf wid1l1 B', 

,. - " - ([ 
.\.,\ - _ u. .v 

tlnd 

,') r\' _h • ¢, f 
=. --.-'� = .... -

I 1 



Subst,ituting lit (H�) th.e e:.\."])rt."SSions JOT the tWoot �or(), we have 
a a % x fh 

cosh - cos - eMIl - cos - - -
47r$fNlVB� r- S 6 3 $ B 21((/. - J

,, ------
. l o a n. D 0-

cosh2 - cos� . . ·.. • �inh'2 - sin:2-
� S 8 S 

a a :t. x dx 
$1111\ - sin - sinh .- sin - -+ 4Trs!J.VTl' n� J a S , _  •• _,._� , S S 

I n (). II. a a 

Divitling (20) by (IS) \.,.� bret. 

cosh;! -- C05� -- . R.inh� - sin'!-
s � s s 

a a J" .x  � cosh-- cos - cosh - 005 - d--
L & fa .t JC « II :>  

Ln = -;; . 0 ·--- a a (�--.- -��. 
cosh'� r_ cOF.-� - + �inh�·- sill�-

s :  f � 

a a x x x 
�inh - �in - �inb -..... R.in - d-

S f a S S o� /; oS 

+ . � .. J 0 --. a a. (L a 
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(20) 

cosll'.'! - co!'):! - + 5illh� -- sin� -
,� s � s (21) 

Ji'.ill�lIy, (�l) �'('duccs (·0 

L 
2t1 2cr. mnll -.. + 6in-

s ..s , 
-=� -------

Lo 2a 2a 2a cos}, - + 008-
oS , 

(22) 

Table 1 is calculated from (22), and in Fig, 4 is plotted the pcr cent 
decrease in i!lduct�n4�c,(Lo - L)/ Lo, versus n/:�. To usc Fig. 4 it is neces
�ary to ca.1011lata the skin thickne�s fol' the COl'e m�tc:rial by substi

tutillg numcrical values for the permeability, conductivity, and 
frequency jn thc �xpre��ion 

5030 

"Til 
Dividing th� haJf-t.hiekn� of the core laminations by the calculated 
yalue of �kiu thickne�8 locak�� the abscissa. of s. point on the curye, 



)758 S(!ott: V ariatio n· (J f I nduclcmce oj Coils 

the ordinate of which b the desired valueof (Lo-L)/L,,> It must be 
remembered in using the eurves that if they are to apply accurately,· 
the flux density in t.he core must be such that the permeability of the 
core is practically constant. This means that the flux densitie.::! rnust 
be very low. Also, in case of sheet cores, the width of the sh�ets mll.."t 
be great in comparison with thei'r thickness, or d�c the edgt� ciiccts, 
which have been negle(.'ted in the derivations, will render the calcu
lation� in�pplicable. In most pra(.'.ti'cal e8.f)e� the edge effects in sheet 
cores are actually negligible, but the situation is not so fortunate in 
regard to the permeabilities of the cores. In a great many instances. 
the flux densities at which COl'es are worked are high enough that t.he '. 
permeabilities of the cores will vary grcatly with the fiux 

. 

throughout their interior. In such cases the calculations cannot ue 
made exact, but they rnay still ue made to serve as a useful guide in . 
design work. 

Because oi the relatively lesser importance of round COrC� and the , 
fact that satisfactory tables of the her and bei functions were not: 
a vailable to the aut,hor, no calculated values of LI Lo v� a/ s are given I 

for coils �\'ith round cores. 
If, instead of integrating the in-phase component of flux density; 

from the center to t.he surface of the core, we had integrat.ed the quad- , 
rature component, we would have al'rived at an expression giving the . 
ratio of the increment reF.istSl.nee of the {'>oil due to eddy currents in 
the Core to t.he inductive reactance of the coit ealculated for full . 
penetration, Omitting the derivation, we give t.he expl'e�sion as 
follows. For round cores we havc 

V2a V2a V2a V'J-a 
_ ber -' - bel,I -- + bei -- bei' ' .... -

V2s .� s s � 
>--- = - ._. _--

a 

and for fb.t sheets 

-- = -

V2a V2a 
ber2 - - + beF . 

s s 

2(.1 2f1. 
sinh· - - sin-

s 8 --_. ----> 
'lrrfIJ'1 2(l. 2a 2ft 

cosh- + cos>-

Calculations and a curve computed from (24) are given in Table I 
and Fig. 4. It is to be noticed that the curve has a maxirnqrn at a 



. 1 1 5 9  

value of a/, of apPl'QJdmatcly 3w-/8. Thjg fa.ct is of dlgnifieanoe in 
oonneetian C'.aIcuIa.tions are omitted for 
(23) for the same l'C$OruJ giV'eD jot' (IS). 
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Fig. !-Theoreti�a1 Curves showing the va.riation or indulJtIUl(�e, L, and eddy· 
current �ompouent of effective resistfl.ncc. AR" Q£ h·on·cored coil!) ",-jth 
frequency, lJermeAbiJity, a·ncl con(lUn1ivily. 
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TADLE I 
TJP:OI\i:TICAL CUlI\' 1:3 

Fig. 4 

1. ()�� r:. hJz.: 
&.00 0 0.966 O.UO 0.861 0.'11 
0.616 Q.40S 0 •• 140 0.400 o.no U.3'73 0._ O.!fi 0._ 
D.ltr1 0._ O.JftG O.IM 0.143 0.14.1 0.125 D.U' 0.11.1 0.111 0.1.00 0.10U 
C..091 O.tl9t O.Q8a f). flU 
!I. on 0,077 
0.011 c,on O.()ri2 O,O6� O.OO/i C,06� O.Olil) O,O�O 

TABlJ!l 11 
�DdA 

Tldc1m.-of 
IuUaatioall 

m.Iu!I .. . -
O.013tl 
D.Qtu 
O.OOfID 
O.OHoS 

-- .. 
R�lI\l� I"� 

DOt' OlD' 
11.73 .;.:; .3S 
e..OO 
6': . 13 

• .... 

P.""'�iliy .... �/aa' t9/m. 
Il8OO 
1040 

\1;.,_ 
£til 

" .. .. 
L.-L ..--....... Lt 
0 
0.031; 
0.139 
0.!2-1 
0.501 o.m 0.'131 
0.800 
o.tiM 
0.&57 
0.87:; O.1JIiD 0.900 0.009 0.911 
0,92'8 O.9Z9 
0.938 0.04,'; 
O.il60· 

..-- .----

TotAl el'Dea--a�<JlIat 
aJ1lacmt 

D.7B5 
O.SUi 
0.':117 
0.83-1 
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.As an illustration or the use of the cur,�es in Fig. 47 snppose we have 

a eon woun tl upon a $iHcon st.�el core compolScd of la,minS3.tiom� 0,014 in, 
in thit�knegs . AFtFtumiDg a oonduetivily of 1.61.104 ohms per om', and 

a perm��a,bility of 700 maxwells per cmll �cr gjlbert pel' em, we find tht� 
skin thickness to be 

5030 
s = - = 0.0·173 cm at 1000 r.�yclcs I �nd (25) 

-VlOOO. 700. HHOO 
5030 

s= �--- . --= 

vkO� ""!:oo�. 7�OO"""."""'1�6 1r::O=-O 
0.0167 em a� �(){)O cycles. 

'Ye have a = 2.54 XO.014 = 0.01778 om, whenc:e 

.0. . 
- = O. inti at 1000 cycles and 

oS 

tl 

(26) 

(27) 

- = 1.06:1 at 8000 cycles. (28) 
:s 

From l"ig. 4, corre:::ponding va,lues of (IJfJ- T .. )/Lo are 0.01.5 a.t 1000 
cycles, a 1;1 per cent decrea·se in induct:tnce, and 0.3-7 at 8000 oyeles) 

·n :H per cent (tr.r.I·�asr. in inductance, dlle to eddy current shielding. 
Ilad OnC of the ni.�kd-iron alloys having nn init i:-ll perme�),bi1ity of 

7000 been a8sumed, the v'alues of (Lo- L)/ La would have been 0.54 and 
O.�(J7} cOlTespoudiu� to .54 pel' �nt a.nd �6.7 pcr cent decreases in 
inductance, rcsp( �cti 'Vcly. 

If the iuduct�n� lnthe first caseha.d been O.5hat lero frequenc)·, the 
induetance at 8000 cydcs "'ould be O.:USh a.nd t.he wIu cUve rea.cto.nce 
would amount to J.:51820 ohms . From Fig. 4, the c?orrc:--poriding value 
of i1lle/271fLo is 0.419, whence the eddy current component of the 
eflective resist.anno vf the coil would equal 6t530 ohms. This times the 
square of t.he r.Ul'rent tbrough the coil would equal the po",·or l()S� in . 

the coll due t·CJ .�ddy current.s in the COl'e. 

ExPERn£RNTAL DATA 
In order to tes� t.he correctness or the ��umptions upun wbieb the 

foregoing t-heol't':tical discussioll is based, the variation of itlduot.onC<' 
with frequency Wt�!; measured for seveL'B.I toroidal coils having cores 
made up of rings of sheet. materia,I, the separa,te lamlnations being 
insulated thor()ughly from one another by paper separa torlS . The 
measu roments were lI�ade at very low values of induction, in order to 
iuoure that. the permc�Lbility of the core materials should not vary 
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. spprecia.bly during the test. The (":ore m3.terials ch�n presented a 
wide range in values of rc�istivity and permeahility �s �hown in Table 
II. Tho numher of turns in canh coil was so small as to preclude any 
possibility of mnsldng the t·rue shielding effects by sllurious inductan�e 
readings due to distrihuted ca]JucitMonec in the winding�. 

The value of init.ial p(>l'lUeability given for c:.\cb of the cores was 
determined bnllisti caUy tlftp,r '\"�ry <!L"l.re:ful demag11.etilation oS the 
sampl�. The values of res.isth ... ity and thickn� of Ute cores ,YCt'e 

9_ .. . . 
C<til No.1 

1a..� Per ('�nt P..,rmQlIo)· 

! z.. ... Q -<lfrJIO.' �,11 " 
pere� .. -Ie. 

-
0 lCO 0 iiGQ 700 t.tO 

1000 386 L!J7 
SOOO 1.2 2.60 
SOOO 1K7 3.42 
SOOO 1M :� . 'Jil 
SOOO 131 ·1 . 4 :� 
SOOO 117 1.S5 7()()0 105 5.23 
SOOO 95 :i.Of) 
�[IUO SS ['.9� 

1 [)Ilfin SO 6.95 

Gall � 3 
8.' ... CeD� Chrome PenaaIlo)' 

I 4. G -
�dt. ',dl • 

perlite. ea)e. 
0 '.G15 0 SOQ 2S5 :>.(;3 1000 168 7.98 2000 100 11.27 <loon 77 13.80 

.)UUO 61 17.83 
�(]on 42 22.1>0 

lS000 '$7 25.20 

. 

TABLE II[ Cnl1. DA'1'A )·f •. a 
.-� . ........ 

-

L.-L I --z;- cn�lc8 
ohl. put" �oO. 

a 0 O.�l SOO 
0.7(") 1(11) 
() .!II.",'; 5000 
O.��R 5000 
0.01)1\1) 1CllO 
0, n:BI'i SOli!) 
0.0800 vOllll 
Q.0371 7000 
0.04:11 SOOO " .1l'N 9000 
a.W8�1 lS000 

-

La-I.. I -t..- 6Yt'le.5 
0'011. lJ<.'r I!ec. 

0 0 
Cl.OIlIJ r;(l(l 0.Q04 1000 
1).\)7W SOOO 
O.11�4 SOOO 
O.flAA 5000 
0.9&«) 5000 
O.OO� lOUOO 15000 

SOOOO 
SOOOO SOOOO SOOOO 
-

• •  II� .,� . 
01711 No.2 

·1 ! j Pr.r Cen� I'offtlllllo)' 

L •. G T;,o-L -L.--- • J"h 
Coale. obi. 

-
$70 0 0 
55S aA!� 0.017 
� U.� D.0S9 
4:lQ D. !'Ill!) 0.154 
ss� 1.212 0.416 2. 5  1.'00 O.�lS 
!:.I(; 1.60& o. (\(l� 
1�15 1.712 O.r.fiS 172 1.�50 0.(;D3 

5C, 1. t)S2 0.72{i 1"·1 2.100 0.748 
136 2.!nO 0.763 

<Jon Nt\. 4 sm.a8&oel 
. -

T •• � .. '.-L 
"z;.-' ��b· • 

aale. ... 
��u 0 0 iRa" n.�62 0.002 
1"20 0.:457 0.010 111m O.l5(l� O.O4�1 
lSW (\.fl�O O.O�j 1 brIO O. !t{)O 0.151 1300 1.00J I 0.29·j 1125 1.13� O.38� 836 1.S!lO 0.546 660 1.000 f>.sa2 45S 1.9GB 0.752 as �.d5 0_80: lIOa I.� D.8M 

det.ermined by measurement� made upon t.he individual laminations. 
The data in some instances were rechecked and n. pel'fect agreement 
wit.h the original observations was obtained. 

In �pit6 or these precauti()nst the observations aB plotted in Fig. 5 
diLsa.gree with the predicted values to nn exLent whicb mfJY warrn.nt the 
aMWDption that some pbenC?menon in addition to eddy Cllrrent ahield� 
iDg is causing the indu�a.nee to decrease with frequency. As will be 

. 
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noted from (22), f01" values of a/s great�1" than 2, L/Lo=S/2a to less 
than 0.01 per cent, so for an values of f above a cel"tain limit, Lol JJ 
plotted a�ainst 2a/ s, 01' IlL plotted against 0) should be a. 6traight 
line throuf.;h the origin. This affords a very simple means of testing 
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with th� th�ol'�tical cur,"'�, �hjch is !-;hown as a full line. 
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whct.hN· the ob�l?rved di�('rEi>nllci<'S Letween theory and mea�urem�nts 
wen' du<.' t.o faulty assumptions n� to t·b� pa1"amet.ers IJ.) "'I, t, etc., or 
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Fig. C,-Th� 1'lottl?(1 point s of curve .1 �hQW "ulu('s of 1/ I.J y� v,/!or coil No.3. 
ll�lo'l' is .'i hown ' . 

. 

plotte,l points should lie lor \'�IU4�� of f �r('at<>r than 500. 
whethrr a ({itTerent law is followed. Trinl �hows, how�\'�r, t.hat ob
�en·etl nliu('s of 1 /  L \'s \ -7 do not· gin,- a straigbt line through t.he 
origin, hem'e the su::;pidon that �Ollll' ph('nomenon other Uut.n t'(ldy 
current shielding b abo In''olved (�cc Fig. 6). 'VhaL this phenomenon 
is, whether it. is �OI1ll' �ort of mol('cular mag n('t.i� lag or viscosity, is 
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not apparent.. The indication� n l' � ,  a t  least }  that th e dool'ease of induc
tancr, o f iron-cored coils will g�nCt'nlly be greater thall that indicat cd 
hy t h e  theoretical Cl1rvcs herewith pt'(!s(,.nt.(' c l ,  particularly for vnlu� 
of a/8 gl'C!l.tel' thn.n . � .  I t  i�  tho writer's heBef thai the portion of the 
total deCl'etlS'� in induetanc!? (lotun.lly due to eddy cUl'l'ent ".'3hielding 
is correctly giv�n by the curve of Fig. 4. 

Appendix 

T\1athematicnl Dcrivntion of Diffcrcnti3.l Equ�tion 

r1�B 1 dB 
� - ,  + - -- - jc?B = O .  dx� x ct:1; 

I nasmuch as the writer is un.'tblo to furnish a I·�rerence giving a 
straightforward derivn.Li(lD o f  equat ion ( l ) ,  t h e  method or  deriving i t  
is set forth as rollo�: 

In the c ase o f  the round mugnctic core consider an element.tlry' 
eyI indl'ioB,[ �lheH of the corc ln6.wri�l, of unitlength, r�ditJs �r , and thick
nes s dx. Thc s,:\.is of the s!Jell is tal�en to coincide with thc axis of the 
core .  The a.lt.ernaiing magnetic flux,  B,  in the corc will be paral le l  to  
i ts  axis I1.Dd wil l  indu(',c a D  e . m . f . ,  g,  in the sheJJ, perpendicular t o  it5 
length nJld k·� .dius vector . J\8 11. result, eddy CU1'l'ent� of density I will 
flow in the :�heH. The eCllus.tions connecting B, E, a.nd I serve a8 n. 
basis for derh:mg 0) .  

The conductlUloo o f  the �leJnentary eylindric:d fJlleH to the eddy 
current� V> 'rdz;/2� and the tot�ll eurreJlt iIi the �heIl is 1 az, whence 
�"e have 

l' 1 - -. E .  
27fx 

CIa) 

The toh,I flux in the shcll is  21f'xBux and t.he incl'ement in voltage 
between the i nncr and outer tsurfo.ce of the s.hell is, vectorialIy, 

(2a) 



.u OOH: y anawm 01 " n(mC�a"Cc OJ l:Oti� 

The increment in magnetizing {Ol'C� between the inner a.n d  outer 
surfaces of .the Rhpll is -4r/IO I dx when� 

4K d B  = pdH - - -pJdx. 
10  

}t�Iimin&ting E a n d  I between (la) ,  (2&), and (3a.) )  result.s in ( 1 ) .  
d'!B 1 dB 
-.. + - -- - J'S1T'1'YjJ.B .  1 0 - 3  = 0 or 
dXM x dx 
d2B 1 dB - + - -- - jctB = O .  dx2 X dx 

The c:omplet� solution of this equntioD.� is 

B* = C�.(v-=T") + C:KJ." -Ju) 
B � must everywhere be fillite aod since 

Kr£..z) = - a at e = O J C'l - o .  

Next, sin ce B :: = B, at x = a ,  we ha" e B, IR CLJO(v=] or) 

whence 

and 6rudly 

B, 
CL = -----

J 0 ( v-=-; ca) 

.J 0 ( v' - i c{J) Bz = H� .. . 
Jo{ ... /7]ca) 

(3a) 

(3) 

EqUation (2) for the Aat sbee' cor� i.3 arrived at by a simil�r 
pro�!)!). 

� BYerly ,  PIi'ouTlcr Series a n d  Sph�ri�ul Rnrmonics" . 
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