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1 INTRODUCTION

One of the primary sources of non-linear behaviour in certain types of loudspeaker
comes from the interaction of the magnetic field produced by the voice coil, induced
eddy currents and the hysteresis of the material used to form the magnetic circuit of
the drive system. Much work has been done in this field with the aims of modelling the
effects and reducing the non-linear distortion that may result from them [1}-[6].
Experiments performed on the ATC SB75-150 loudspeaker drive unit (L.D.U.) have
shown that by replacing the steel surrounding the magnetic gap-with a material of low
conductivity and high permeability, the third harmonic distortion in the acoustic output
is reduced by a significant factor (10-15dB) between 100Hz and 3kHz. In a series of
experiments to investigate the magnetic distortion, mechanical effects have been
eliminated by removing the permanent magnetic field!, mounting the coil in the
quiescent position and observing the harmonic components of the current passing
through it. An attempt to explain the harmonic distortion by means of an analytical
model of the electromagnetic processes occurring in the magnetic drive system of the
loudspeaker is presented. Predictions of the following have been sought:

e Variation of coil impedance with frequency, taking into account the effect of
eddy currents. , . :

o Electric and magnetic field strengths as functions of position within regions
surrounding the voice coil. '

These results have been used to form conclusions concerning the harmonic frequency
components of the e.m.f. induced in the voice cail due to the hysteresis of the
surrounding material and induced eddy currents.

The analysis is based on the observation that the voice coil used in the ATC SB75-150
is relatively short in comparison with the magnetic gap and so the system is modelled
as a coil surrounded by an arbitrary number of infinitely long, coaxial layers of material.
The linear field equations for this geometry have been derived and used to calculate
the magnetisation in the surrounding regions at the fundamental frequency, as well as
the complex impedance of the coil. Harmonic excitations due to the non-linear
material characteristics are introduced by a perturbation method, finally resulting in

1 This was achieved by omitting the magnet energising procedure during production.
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expressions for the harmonic components of the e.m.f. induced in the coil. The
equations governing the electromagnetic behaviour have been computer coded in
order to calculate numerical results. These data are compared with experimental
measurements for frequencies up to 5kHz. Simple configurations have been
examined initially to provide experimental support for the more complex models.

2 SYSTEM CONFIGURATION

The L.D.U. under investigation, the ATC SB75-150, is of the ‘short coil, long magnetic
gap’ type comprising a 75mm diameter voice coil with 55 turns of copper wire, and
8mm in length, operating in a magnetic gap of 20mm length. The magnetic circuit
comprises an annular ceramic magnet sandwiched between EN3A grade mild steel
which is electroplated with a zinc treatment of approximately 5 microns thickness.
Reference has been made earlier in the text to a material of high permeability and low
conductivity, which has been added to the standard magnetic circuit of the L.D.U.,
(Figure 2.1). This material is an iron powder polymer composite- and is formed from
powdered iron particles, each of which is coated with an insulating layer of oxide. . In
manufacture, the powder is formed into a solid by bonding with a phenolic resin under
high pressure. For the purpose of distortion reduction in the L.D.U., the iron powder is
formed into rings and fitted into place around the voice coil. This configuration is
known as ‘tipped'.

V777 YAII )
Voice Coil Steel Backplate
Figure 2.1 Magnetic circuit (drive system) of the tipped ATC SB75-150 L.D.U..
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3 FIELD THEORY

An analytical model suitable for a short coil, long gap loudspeaker has been described
by Dodd, Cheng and Deeds [7] in which the coil is surrounded by an arbitrary number
of infinitely long coaxial layers, each with their own independent permeability x and
conductivity o. The linear analysis provides expressions for the impedance of the coil
Z and the vector potential A in the coaxial layers due to a harmonic current / in the
voice coil at an arbitrary frequency @. Varying the number of layers allows modelling
of the tipped and.untipped systems. The expressions given by [7] have been extended
by Harfield and Bowler [8] to give the linear equations for electric field E and the
magnetic field H as functions of layer and position within the layers, and also as
functions of frequency.

A
Voice Coﬂ%

Figure 3.1 Geometry of Dodd, Cheng and Deeds analysis.

Note that in the cylindrical system, the electric field has only azimuthal components
and the magnetic field has only radial and axial components. The numbers within the
layer boundaries in Figure 3.1 identify the layer, with primed numbers indicating
regions outside the coil, and unprimed numbers identifying regions within. Region 1" is
assumed to extend outwards to infinity. The coil has N turns and is centred in the z-
direction at z=0. . .

Non-linear distortion is explained in terms of a cubic equation relating the magnetic
field and the magnetic flux density [8]. The linear analysis and experimental results
are used to provide an explanation of the mechanisms involved in the reduction of
distortion by the tipping procedure.

Proc.l.0.A. Vol 19 Part 6 (1997)
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3.1 Linear Analysis
The vector potential equation for regions inside the coil as given in [8]is,

o Nl (* gUT R R+ UK (R, R)
A )(r’z) = ”‘% J:) {[ aaoz(UnVn —U12V21) ]{Vn(n)lx(anr) +V(n)K, (anr)] X

[sin a(z-1)-sina(z-1, )]}da (1)

and for regions outside the coil,

gy Nt [ Td R RY+ VKR R ,
40,0 [ ATy Mo 3100y Ut K )

[sin a(z—-1)-sina(z-1, )]}da (2)
where, : ,
I, co-ordinates of the coil base and top
respectively -
Ry, Ry, inner and outer coil radii respectively

1
a, =(a? —-iwpo,umo;,)é with
4im, relative permeability of region n
on, conductivity of region n

Uy, Vi matrix elements defined in Appendix A
I£x), K(x), modified Bessel functions of order j
I(R2,R1), K(Rz2,R1), functions related to finite coil size and defined by
2 "
I(R,.R)=a L o, (apr )i @
Ry
K(R,,R)=a; L 7K, (aor)dr (4)

Making the assumption that all the materials comprising the system are linear, isotropic
and homogeneous allows the electric and magnetic fields to be derived from "the
relations, ’ ' :
E,=iad, (5)
and, ‘

1

”oﬂm

H =

V x 44, (6)
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together with equations (1) and (2). The general equation for the impedance of the coil
is, '

Z-= ialV st L i (a?'Laé‘ {elt, -1)+ exp|- a1, ~1)|- ] (®,. R)

A1-cosefl, —)|[ UV (R, R) + UV K* (R, R)+ 20V IRy, RIK(R, R)
¥ azag [ UV UiV - :|)da 0

where J(Rz,R;) is-defined in terms of the modified Bessel function J; as,
2 Fa ‘
J(R,,R )= L rJ(ayr _ (8)

These equations are adapted to the particular configuration to be modelled by altering
the number of layers inside and outside of the coil, the dimensions of the layers and
their material properties. Explicit forms suitable for situations described here are given
in [8]. ,

3.2 Non-Linear Analysis

The non-linear relationship between the magnetic field H and the magnetic flux density
B in the layers surrounding the coil is given by,

B(r,1) = pH (Pl + BO[HE ™ + pO[HE)] > (9)

where ™ are the small parameteré used to define the non-linear behaviour of the
magnetic materials. In vector form,

B(r,{)=pH(r)e™ + M @ (r)e™™ +M ) (r)e™™ (10)
where the magnetisation
MY =7 4 i) =IO + 580 H? (11

contains the radial and axial components of the magnetic field for the j harmonic.

The magnetisation may be used to calculate the e.m.f. V/ induced in the coil at the
harmonic frequencies. This calculation is performed by making the approximation that
M is piecewise constant within a ring element of rectangular cross-section and
summing the piecewise contributions over all the discrete elements within each layer,

Proe.l.O.A. Vol 19 Part 6 (1997)
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indexed by p and ¢ The e.m.f. induced in the coil may be expressed in terms of the
magnetisation and Green's functions G’ as,

L . 2,+8, (1, +5, 2 248, (rp+8,
V= Zﬁv[zz M}I,p,{j. < Jl G &'(ri’z'),ldrldzr_‘_ ZZMILA‘I ¢ j' G “(r’,z’)’dr'dz'}
2 r, . % %

pet g=1 p=l =1
(12)

where z, =%(Il -1, - n,é‘,)+§5, and r,=r,+pé,, the integrations being performed

over the discrete cell dimensions & and &. See Appendix B for explicit forms of
equation (12).

Figure 3.2 Plan view of the untipped configuration including a filamentary source
of constant magnetisation. The layers are numbered relative to the
filamentary source (compare with Figure 3.1).
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4 IMPEDANCE MODEL

4.1 Impedance Simulations

The explicit versions of the equations in section 3 relating to each configuration to be
modelled have been coded into-a FORTRAN computer program, allowing each of the
independent parameters to be varied according to the situation under investigation.
The simplest configuration modelled is that of a cylindrical steel pole surrounded by a
coil. The complex impedance variation with frequency of the coil in this situation was
calculated and compared with the experimental result. For a skin depth which is small
in comparison with the radius of the coil, the impedance characteristic for a particular
geometry depends only on the value of x/o and so this value was altered in order to
match the experimental and calculated data, giving the ratio for the steel being used.
This ratio was then used for the steel in more complicated configurations. The ratio of
permeability to conductivity found in this way was similar to the value given by Kaye
and Laby [9] for carbon steel. The same procedure was performed on a cylinder of
iron powder, although the permeability and conductivity have to be fitted independently
because the skin depth is large due to the low conductivity. This provided the
parameters needed to perform further linear simulations of the magnetic circuit.

4.2 Impedance Measurements

The impedance measurements were carried out using an impedance analyser
connected to an SB75-150 voice coil. This was mounted concentrically over a 250mm
long cylinder of EN3A grade steel with the same diameter as the pole of the SB75-150.
A pole length of 250mm was used in order to ensure that the end effects were
negligible. The analyser was estimated to be accurate to +3%. Capacitive effects of
the voice coil windings were tested on a bridge and found to be negligible at 1kHz.
Figure 4.1 shows the good agreement between theoretical and experimental results
when #=160 and o=5.5 x 10° S:m™. Note that the DC resistance of the coil (about
5.4Q) has been subtracted from the real part of the measured data to leave just the in-
phase component of impedance due to the back e.m.f. caused by the eddy currents
induced in the steel pole. The calculated real part is in error by about 8% of the
experimental value at the upper frequency limit of 5kHz and the imaginary part is in
error by less than the 3% tolerance.

The result of the iron powder experiment is shown in Figure 4.2. Again, a pole of
material 250mm in length was used to approximate the effect of an infinite pole. The
best fit to the impedance data was found for 4=25 and 6=5.0 S-m*, for which the
calculated impedance is well within £3% of the measured data. It is evident from this
graph that the suppression of the eddy currents has resulted in a large reduction of the
real part of the impedance compared to the steel pole case, and the imaginary part has
increased roughly threefold at 5kHz. This can be explained by considering the
inductive and resistive effects separately. In aninductor, a ferromagnetic core may be

Proc.l.O.A. Vol 19 Part 6 (1997)
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Figure 4.1 Comparison of calculated and measured impedance of SB75-150

Impedance (Ohms)

voice coil on a steel pole.
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Frequency (Hz)

Figure 4.2 Comparison of calculated and measured impedance of SB75-150

voice coil on an iron powder pole.
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used to increase the flux linkage within the windings, and thus the value of self-
inductance. However, any eddy currents circulating within the core will act as a ‘shield’
against the flux [10], lowering the self<inductance in accordance with Lenz's law, and
for steel it is this effect which dominates. We observe this behaviour from the graphs.
The real part of the impedance is subject only to the in-phase component of the back
e.mf. (due to the eddy currents) which, by Lenz's law, will be opposing the flux
producing it. In the presence of eddy currents (a steel core) this e.m.f. will act to
increase the resistance. Without the eddy currents (the case of an iron powder core)
there will be no such effect. The effect on the resistance can also be explained in
terms of an energy loss. The 2R dissipation in the steel will greatly exceed that in the
iron powder because of the presence of eddy currents, and this is reflected in the real
part of the driving point impedance of the voice coil.

Knowledge of the permeability and conductivity of the materials from infinite pole
measurements allows predictions to be made of the impedance of the voice coil within
the magnetic circuit of the drive unit. The first of these impedance characterisations is
of the voice coil in the untipped configuration ‘and corresponds to three layers inside
and outside the coil, the air gap, the zinc coating? and the steel pole. Impedance
measurements were prepared by gluing the coil as centrally as possible in the gap,
both concentrically and along its length, and the results are shown in Figure 43. A
small deviation from the measurement of 5% is observed in the reactive component at
high frequencies, the resistance remaining within tolerance. This may be attributable
to the coil not being quite concentric with the gap. Unfortunately the limited number of
samples available did not allow the experimental error to be ascertained, but an idea of
the sensitivity of the model to misalignment may be found by altering the coil radius
and recalculating the results. Simulation of the untipped system with a diameter 1mm
less than the actual diameter changes the impedance by up to 9%. Although the
model can only make predictions for coaxial configurations, if changing the distance
from the coil to the core by 0.5mm causes the prediction to vary by such an amount, it
is not unreasonable to assume that any errors in the concentricity of the apparatus will
lead to a similar percentage error.

Finally the tipped system was simulated and the results found to agree with the
measured data to within the experimental tolerance. Comparing the result with that
from the iron powder pole experiment in Figure 4.2 suggests that the tipping material is
the dominating factor in the impedance characteristic, the steel makmg an insignificant
contribution.

2 The zinc coating was assumed to have a conductivity of 16.9 x 10° s'm™ [9] and a relative permeability
of 1.0.
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Figure 4.3 Result of the untipped configuration- simulation and the
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Figure 4.4 Measured and calculated impedance of the coil in the tipped
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configuration.
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5 ELECTROMAGNETIC FIELD MODELS

5.1 Electric Field
The Minowski formulation of the Maxwell equation

B
E+—=
VxE+—-=0 ‘ (13)
is written
VXE+ jouH =0 (14)

from which it can be seen that the contour diagram of the electric field within the
regions adjacent to the coil will provide the ‘picture’ of the magnetic field strength in
those regions for a sinusoidally varying field.

z,  Steel Iron Powder Iron Powder Steel
B @ j
Voice Coil

Figure 5.1 Electric field contour plot for regions within and outside the voice
coil in the tipped configuration at 500Hz.

This prediction was made by evaluating the electric field at 500Hz using equation (5)
for discrete positions within the layers, limited in the radial direction to 14mm inside the
coil, 14mm outside and 10mm either side of the coil in the axial direction. From the
electric field diagram (Figure 5.1) it may be seen that the magnetic field remains fairly
_constant within the iron powder regions, whilst dropping off rapidly in the steel in
accordance with the skin effect.

Proc.l.O.A. Vol 19 Part 6 (1997) ' 11
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5.2 Magnetic Field

Using equation (6) the radial and axial components of the magnetic field may be
predicted for discrete positions within the layers. From Figure 5.1 it may be noticed
that the magnetic field is dominated by the axial component at z=0, and this is
confirmed by the model predictions. Only the axial component will be presented here.
Firstly, the magnetic field for the simple configuration of a coil surrounding an infinite
pole of radius 37.2mm will be presented. The field magnitude variation over a suitable
range of ris predicted for the z=0 plane at 500Hz and the result given in Figure 5.2.

800 -
700 +
600 +
500 +

400 1
300 +
200 +
100 +

0 t t t T t -

30 31 32 33 34 35 36 37
r (mm)

Iron Powder

H: (Am"')

Figure 5.2 Prediction of axial component of magnetic field variation with r for z=0
within infinite cylinders of iron powder and steel at 500 Hz.

It is clear from the graph that the magnetic field is almost halved when the steel is
replaced by iron powder. This may be attributed to the low conductivity of the iron
powder which, by suppressing the eddy currents within, also suppresses the magnetic
field associated with them. Figure 5.3 shows the magnetic field variation along the
radial direction at z=0 for regions inside the coil in the tipped and untipped
configurations, again at 500Hz. This is clarified by the dashed line in Figure 5.1. It is
clear from the figure that the maximum value of the magnetic field at the surface of the
layer closest to the coil is largely unaffected by the iron powder tipping. Although the
eddy currents, and their associated magnetic field, have been suppressed, the field
level in the tipped metalwork is maintained at a level similar to that within the untipped
metalwork. The field in the tipped regions appears to be maintained by the steel pole
and frontplate behind them.
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Figure 5.3 Magnetic field variation with r at z=0 for tipped and untipped systems
at 500 Hz.

6 NON-LINEAR FACTORS

Linear analysis has provided much information about the electromagnetic interactions
oceurring within the loudspeaker. This knowledge is now collated into an argument for
the explanation of the effect described in the introduction - the reduction of the non-
linear distortion by the tipping process.

Figure 6.1 shows the third harmonic distortion of the SB75-150 L.D.U. which was
measured with a Fast Fourier analyser. A constant current of 1 Amp was passed
through the voice coil and the voltage developed across a 0.1Q series resistor
measured at the harmonic frequency. The results are scaled in dB units, relative to the
fundamental current.

Although the non-linear analysis in section 3.2 may be implemented in the same way
as the linear model, we will be content here with a qualitative description of the non-
linear behaviour.

Proc.LO.A. Vol 19 Part 6 (1997)
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Figure 6.1 Third harmonic distortion of SB75-150 L.D.U. drive systems in tipped
and untipped configurations. Graph shows third harmonic
component of the currents passing through the voice coils with
reference to the constant 1 Amp fundamental current.

There are two obvious possible explanations for the difference in non-linearity between
the two systems, .

« The iron powder is intrinsically more linear - that is the g coefficients in equation (9)
are smaller for iron powder than for steel.

e The magnetic field in the iron powder is lower than in the steel, bringing the
magnetisation down into a more finear region of the hysteresis curve.

Unfortunately, there is no evidence to suggest that the first point above is the case,
although iron powder is not expected to be significantly more linear than steel. A
rigorous analysis needs to be performed to gain the g coefficients for each material.
The magnetic field level within the layers would influence the distortion levels via the
hysteresis curve of the materials. Section 5.2 has shown that the magnetic field within
the regions adjacent to the coil is not greatly affected by the presence of the tipping
material, it providing a reduction of around 12% at the surface adjacent to the coil.
This reduction in the field would not be expected to lead to such a dramatic drop in the
distortion levels.

Returning to the impedance analysis and noting that the magnitude of Z is generally
higher for tipped configurations than for untipped reveals another possibility for an
explanation of the effect. Within their operational bandwidth, the acoustical output of
dynamic loudspeakers is generally constant with the force on the voice coil, given by,
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F=BIl (15)

where B is the constant magnetic induction in Teslas provided by the permanent
magnet, / is the current passing through the voice coil and 7 is the length of wire
comprising the voice coil. Putting the equation in terms of the voltage V across the coil
and the coil impedance Z gives, :

BV
F== (16)

For both tipped and untipped configurations the permanent field B and the length of
wire 7 are nominally the same. Compare the two systems when driven by a constant
current of 1 Amp. At the fundamental frequency, the impedance of the tipped
configuration is roughly three times that of the untipped system, and the voltage across
the coil will be equal to the impedance for unity current drive. However, reference to
equation (12) shows that the harmonic components induced in the coil are
independent of this linear impedance and they will be affected only by the g
coefficients for each material and the magnetic field within that material. Rather than
the tipping process reducing the distortion components produced by the hysteresis, it
is raising the fundamental signal, leaving the distortion at a lower relative level. The
impedance of the tipped system is roughly three times that of the untipped system over
much of the frequency range and one would therefore expect a threefold reduction of
the relative distortion levels. This is equivalent to 20log(3) ~104B which is the order of

improvement observed. It should be noted that the magnetic field in the tipped drive
system is slightly lower than that in the untipped system, and this will have some
positive effect on the distortion, albeit marginal in comparison to the improvement
~ provided by the impedance rise. :

The rise in impedance is not without its own disadvantages, such as the reduction in
bandwidth of the acoustic output. These effects will need to be considered at the
design stage.

7 CONCLUSION

A linear theory for the prediction of the electromagnetic properties of long gap, short
coil dynamic loudspeakers has been presented. Investigations have been made on
blocked voice coil systems with the permanent magnetic field removed. Impedance
predictions have been shown to match experimental observations to a good degree of
accuracy and electric and magnetic fields calculated for regions within the magnetic
circuit of the loudspeaker. The knowledge gained from linear analysis of the ATC
SB75-150 L.D.U. has been used to explain the non-linear processes occurring within

Proc.l.0.A. Vol 19 Part 6 (1997)
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the loudspeaker, with reference to the reduction in distortion levels when the steel
regions surrounding the coil are replaced with a material of high permeability and low
conductivity, known as iron powder. It has been suggested that the reduction is
primarily due to the rise in impedance associated with the addition of iron powder rings
to the magnetic circuit.

Further work is required to ascertain the g coefficients for the steel and iron powder
materials in order that the intrinsic non-linearity of these materials may be compared.
It is hoped that future investigations will address this, and other questions, including
the contribution made by the permanent magnetic field.
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APPENDIX A
V(n) and U(n") are matrices of the form,
VN( ) _[Vll(n) Vll (n)]
S ACRAC)
. [U,@) U,)
Otw)= [Uz,l (n) Uy ("')]

For an integer value of n,
V(n) = Tn T; —Ln-2°* T;zz,l
Un) = T ” —1T -2 T;z
where the 7 are 2 x 2 transformation matrices: ,
~ |:2]l(n+l,n) 12(n+1,n):|
7;+1,n =

| Ln+1m) Ly(n+1n)

n-1

&2

whose elements are.
Ly (n+1,m) =Ky (e ) (e, ) (B, / B )o@, )K( Gl )|
Z;Z(n+l,n)=[Ko(a,,,,,r,,)K,( (b /5 )K0 a,,r,, K, ( a, r, ] T,
T,(n+ 1,n)=[lo(a,,+‘r,,)l,(a,,r,,) (b / b,,+l ] (a,,r,, M,r )] ot T,
Tn(n+l,n)=[10(a,,+,rn)K,(a ,,) (b / b,,ﬂ) (a ,,) (a,mr ] a, T,

and b, =¢,/ u,
rp is the radius of the interface {nearest the coil) of layer n.
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APPENDIX B

The explicit form of equation (12) for regions outside the coil is,

V’ 4N{ZZM”£I [Vn a,.R,, R +V21( )K(a R ’Rl)]X

=i aa,a; [Uszu U12V21]
[Ulz a ,6, r)+U l((a S, r)]

s> %r2ti

sin— (l -1 )[cosaé‘,(;’— )”COSGJZ(%—;'FIJ:IJG
,,,R2 R\) +Vy(n)K(e,, Ry, R)]
X

Via(n
+ZZMHI[ [UxVu —UnVal]

p=l ¢=1

[UIZI anar:ri)-"UzZK ( (1 r’ i)]x
sin%(l1 —lz)[sinaﬁz(fz’——é‘) —sina&,(—'lz’—— C+l)]da}

and for regions inside the coll,

vt e [ L R R O )

aa a [U I/11 UIZI/ZI]

p=1 ¢=1

[P (@, 80m) + VoK (e,.80m,)] x

sin— (l —l)[cosa&z(%‘-—) cosaé‘( —4‘+1)}l
n) (@, Ry, R )+ Uy (' )K(a,,.,Rz,Rl)]x

M!péj‘ ‘2
+ZZ a’ Qy [Uszn _Uqu:]

Pl ¢=1

[T "(e..0; r)+VaK "(a,,8).r, )]

roti

sin !;‘- (L-1 )l:sin as, (71 - g) - sinas, (”7 y 1)]@}
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I’(a 5, r)— (r +p¢)‘){2][ ( + po, ] r+pb [asr+pé ]}

+[r, +(p ](21 alr +(p } afr +(p {a 1+ })
/('(a é, r) (r + pé, {21( [a ¥+ po, ]+ a,(r,. +p5,)Ko[as(ri +pé',)]}

+[r; +\p 1)6' ](ZK{ L +(p ) ]}+a[ + p—l)(?,]Ko{a,[ri +(p—1)b’,]})
1"(e,8.5)=( +p5,)211[a,(r.- +8)|-[n +(o-Da] 1{afr +(o-Da ]}

K "(a,,8.7) =0+ p8Y K+ 08)]-[r + (0~ D] Kfeulr + (o ~)a}

For regions within the caoil, the cell length in the radial direction is denoted by &’ and for
regions outside the coil, &,. The position of the surface of the region of interest closer
to the coil is denoted by r;, and by convention &7 is negative and J, is positive.

where
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