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The performance advantages of current-driving moving-coil loudspeakers is consid-
ered, thus avoiding thermal errors caused by voice-coil heating, nonlinear electromagnetic
damping due to (B!)? variations, and high-frequency distortion from coil inductive
effects, together with reduced interconnect errors. In exploring methods for maintaining
system damping, motional feedback is seen as optimal for low-frequency applications,
while other methods are considered. The case for current drive is backed by nonlinear
computer simulations, measurements, and theoretical discussion. In addition, novel
power amplifier topologies for current drive are discussed, along with methods of drive-

unit thermal protection.

0 INTRODUCTION

The moving-coil drive unit is by far the most widely
used electroacoustic transducer in both high-perform-
ance studio and domestic audio installations, as well
as in general-purpose sound reinforcement. Conse-
quently it has attracted numerous studies to investigate
its inherent distortion mechanisms (see, for example,
[1}-[11]), which as a consequence are well understood.
Much work has also been carried out on improving
drive-unit linearity by the application of motional
feedback techniques, which provide a useful enhance-
ment in performance at low frequencies. Improvements
to the basic regime of motional feedback have been
made by including an additional current feedback loop
[12], [13], which is reported to reduce high-frequency
distortion. This method is a specific implementation
of what we will term current drive, a subject that, it
is felt, has not received the attention it deserves.

This paper therefore aims to explore in detail the
benefits of current drive in reducing the dependence
of drive-unit performance on motor system nonlinear-
ities, in particular the voice-coil resistance which
undergoes significant thermal modulation.

In a conventional voltage-driven system (one where
the power amplifier output voltage is regarded as the
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information-representing quantity), the current is ini-
tially limited by the series elements of voice-coil re-
sistance and inductance, together with the interconnect
and amplifier output impedance. A force related to the
current in the system then acts on the drive unit moving
elements as a result of the motor principle, and once
motion occurs, an electromotive force is induced in
the coil to oppose the applied signal voltage, thus con-
straining the magnitude of current flow. The accuracy
to which the drive-unit velocity responds to the applied
signal is, therefore, dependent on the series elements
in the circuit, and any signal-related changes in their
value will result in distortion.

- The voice-coil resistance is of specific concern, as
it is usually a dominant element. As a result of self-
heating in excess of 200°C, a significant increase in
coil resistance occurs of typically 0.4%/°C for copper,
leading to sensitivity loss, lack of damping, and cross-
over misalignment. In their paper, Hsu et al. [6] con-
cluded that a satisfactory method of compensating for
this effect had yet to be found.

At higher audio frequencies, the coil inductance also
becomes significant, resulting in a loss of sensitivity.
In addition, the inductance suffers dynamic changes
with displacement, providing a distortion mechanism
which is further complicated by eddy current coupling
to the pole pieces in the magnetic circuit [14, pt. 1].
A further problem is distortion mechanisms at the am-
plifier—loudspaker interface, such as interconnect errors
[14, pt. 4] and interface intermodulation distortion
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[15]-[17].

To overcome these limitations, the drive unit should
be current rather than voltage controlled and interfaced
directly to a power amplifier configured as a current
source, thus offering a high output impedance. The
performance advantages of this technique are discussed
in detail, supported by computer simulation of the non-
linear system together with objective measurement on
a prototype two-way active loudspeaker system.

To complement this study, the application of both
motional feedback and noninteractive frequency re-
sponse shaping as a means of aligning the drive unit
Q to the required value is discussed. Finally, the topic
of current source power amplifier design is considered
along with the presentation of some novel types of
circuit topology, while the subject of drive-unit pro-
tection under current drive is also examined.

The technique of current drive in active loudspeaker
systems is seen as being of particular importance in
view of the performance advantages demonstrated over
conventional systems in terms of both reduced linear
and nonlinear distortion. For high-quality system design,
current drive is seen as the more logical methodology,
with voltage drive appearing as the result of established
practice and convenience.

1 LOUDSPEAKER PERFORMANCE UNDER
VOLTAGE DRIVE

In order to establish a performance reference, this
section considers motor system linearity for a moving-
coil drive unit under conventional voltage drive. For
the tests, a Celestion SL600 135-mm-diameter bass—
midrange driver was used, mounted in its enclosure.
It was chosen partly due to the excellent cone and sur-
round behavior, meaning that the distortion contribution
of these elements is small.

To enable performance predictions under general
signal excitation to be made, the variation of parameters
with coil displacement was measured. This is shown
in graphic form, in Fig. 1 for Bl product, compliance,
and coil inductance. The linear parameters for the model
are given in Table 1, which explains the terminology
and also the equivalence between the electrical model
and the mechanical model used. The approach broadly
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Fig. 1. Variation of model parameters with displacement.
Negative displacement indicates motion toward magnet. (a)
Bl product. (b) Mechanical compliance. (c) Electric coil in-
ductance.

Table 1. Model parameters for example drive unit.

Electrical model

Mechanical model

Parameter

Voice-coil resistance R.=7.0Q
Voice-coil inductance L.*
Enclosure compliance

Suspension compliance Lems

Moving mass
Mechanical resistive losses
Source impedance

Lcmb = Cmb(Bl)2
= Cns(BI)®
Crmes = Mps/ (BI)?
Res = (B1)*/ Ry
Z, (assume zero)

Rume = (BD*R, kg/s
Cne = L/(BI)> m/N
Cop = 750 X 107 m/N
Chns* m/N

M, = 0.0183 kg

R = 2.4336 kg/s

Zng = (BDZ, kgls

Bl = force factor (N/A)*
* Indicates nonlinear elements.
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follows that of Small [18], except that a mechanical
model is used in preference to the acoustic one. Fig.
2(a) shows the equivalent electrical model for the drive
unit, connected to an amplifier and interconnect of series
source impedance Z,, showing the mechanical imped-
ance as a lumped quantity Z;,. Analysis of this model
gives the transfer function between amplifier output
voltage and cone velocity,

VoBI
u = ; o
ZnlZ, + (BD)*1Z4]
where

u = cone velocity, meters per second

Vo = amplifier source voltage, volts

B = flux density for motor system, tesla

I = coil length in field B, meters

Z, = lumped mechanical impedance, kilograms per
second

Z; = lumped electric impedance (Zg, R., and sL.),
ohms.

Referring the mechanical impedance to the “primary”
of the B/ transformer to show its constituents gives the
electrical model of Fig. 2(b), while referring the elec-
trical parameters to the “secondary” results in the me-
chanical model of Fig. 2(c). Both these models are
useful in the forthcoming discussion, although emphasis
is placed on the mechanical system.

The mechanical model forms the basis of a transient
analysis procedure, which can readily incorporate non-
linear parametric variations. The details of this approach

Bl product variation
Rt «2
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Fig. 2. Modeling of drive unit in sealed enclosure, under
voltage drive. (a) Basic electromechanical model. (b) Elec-
trical model. (c) Mechanical model.
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Fig. 3. Simplified nonlinear model
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for voltage-driven simulation.

131



MILLS AND HAWKSFORD

were given in an earlier paper [19], where it was seen
to avoid the approximations forced by an analytical
solution. It may be contrasted to that of Kaizer [3],
where drive-unit nonlinearity was modeled by Volterra
series expansion. Fig. 3 shows the simplified circuit
for the computer model, where it is assumed that the
driving amplifier has zero source impedance. The output
quantity acceleration is derived from the voltage across
the moving mass element M 5, while a signal propor-
tional to displacement is obtained from the voltage
across the enclosure compliance C ;. This displacement
voltage is used to drive three nonlinear amplifiers A4,
As, and Ag, whose transfer characteristics are expressed
as polynomials, representing the measured variation
in coil inductance, Bl product, and compliance, re-
spectively. A technique was adopted whereby the three
nonlinear functions were first represented by a Fourier
series from which the corresponding polynomials were
generated. A 30th-order approximation to each function
was deemed necessary to avoid undue error. The zero
displacement values for these parameters were then
summed by constant factors Ly, By, and Cy. Each of
the modulation outputs in the diagram is coded by an
asterisk and number to indicate which circuit parameters
it modulates.

To produce distortion predictions from this model,
a sine wave input is used and the system allowed to
reach steady state. A single cycle is then sampled as
input data to a fast Fourier transform, which indicates
the relative amplitude of the distortion harmonics.

At 100 Hz, with the source voltage chosen to give
a current of 1 A peak, a reasonable relation between
theoretical and measured distortion spectra can be seen

Amplitude
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in Fig. 4. The model slightly overestimates most dis-
tortion components, probably due to errors in measuring
the nonlinear parameters. However, at high frequency
the model does not prove usable, due to factors such
as the complicated nature of eddy current losses and
hysteresis effects in the magnetic circuit. The measured
3-kHz at 1A peak distortion spectra are shown in Fig.
5, while intermodulation products between 50-Hz and
1-kHz sine wave inputs of equal amplitude are shown
in Fig. 6.

The effect of voice-coil heating is a major problem
under voltage drive, and it is interesting to note the
severe difficulty in obtaining these measurements due
to the sensitivity loss and frequency response errors
which occur as the coil heats up. A further problem
caused by heating is that of crossover misalignment in
the case of passive systems. To illustrate this effect,
Fig. 7 shows an idealized two-way second-order cross-
over aligned to 3.4 kHz. The drive units are represented
by resistive elements, and the overall system transfer
function is evaluated by effectively subtracting the high-
pass and low-pass outputs. Fig. 8 then compares the
system transfer function arising from coil heating to
200°C with the intended response at 20°C. Although
oversimplistic, this model does show that large errors
can result.

Errors due to interconnect effects are also seen to be
of importance. Measurements of the error across a se-
lection of 5-m interconnects have revealed errors up
to 15 dB below the main signal. It is worth noting that
the error is a function of drive-unit—crossover imped-
ance and, while mainly linear, also contains a nonlinear
component due to the nonlinear nature of the load.
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Fig. 4. Measured 100-Hz harmonic distortion, voltage driven. Table compares with predicted result.
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2 THE CASE FOR CURRENT DRIVE

To assess the performance advantages of a current-
driven moving-coil drive unit, a similar procedure is
adopted to that of Sec. 1, though a current source is
substituted for the voltage source, with output imped-
ance assumed infinite. An immediate consequence of

Amplitude
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this strategy is that the series elements of coil resistance,
coil inductance (with attendant eddy current losses),
and interconnect lumped series elements, together with
Bl and the lumped mechanical impedance no longer
influence the instantaneous driving current. The sig-
nificance of this observation is best illustrated by ex-
amining the current-driven velocity transfer function,
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Fig. 5. Measured 3-kHz harmonic distortion, voltage driven.
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Fig. 6. Measured 50-Hz and 1-kHz intermodulation distortion, voltage driven.
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u=— )]

where I is the amplifier output current in amperes.

Comparison with the voltage-driven case, Eq. (1),
shows that for current drive, the transfer function is
of a simpler form, independent of the terms Z; and
(BI)®. 1t is therefore anticipated that lower distortion
will result from elimination of the term [Z; + (BI)?/
Z,]. Performance is therefore free of any linear and
nonlinear contributions from Z,, the (Bl)? term, and
shows areduced dependence on compliance nonlinearity
within Z,, together with any frequency-dependent non-
linear interactions. The mechanical model for the drive
unit and enclosure is then reduced to that of Fig. 9.

To demonstrate this claim, a transient analysis at
100 Hz with 1-A peak drive current was performed,
using the nonlinear model of Fig. 10. A reasonable
match between measured and predicted distortion is
again obtained, as shown by Fig. 11.

Comparing this result with the voltage-driven case
(Fig. 4) shows a measured and predicted distortion
reduction of around 9 dB for the second harmonic,
with third- and fourth-order products being reduced by
between 3 and 7 dB, depending on whether the measured
or the predicted values are taken (the predicted results
yielding the better distortion reduction).

Regarding the 3-kHz at 1A peak measurement given
in Fig. 12, this shows a substantial reduction of over
26 dB to the voltage-driven result in Fig. 5. Likewise,
the 50-Hz-1-kHz intermodulation distortion is im-
proved, as indicated by Fig. 13.

These results show the importance of eliminating
the distortion contributions of the (BI)? and Z terms
in a relative comparison between current drive and
voltage drive. Thus at the high-frequency end of the
drive unit’s operating range, the elimination of per-
formance dependence on coil inductance modulation
and eddy current losses is seen to be a valuable asset.
Further, the current-driven system is completely free
from any voice-coil thermal effects. Although the ar-
gument is based on a bass—midrange drive unit, with

significant cone displacement, tweeters were found to

: LP HP
(o,
§L1 C2
0.46mH 4. TpF
r Vin Vout
Ry HP
O

RL.Ry : Tn at 20°C for correct alignment
13n at 200°C

Fig. 7. Idealized two-way system with second-order crossover.
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benefit also, with a more modest 3—7-dB measured
distortion reduction across the band, along with the
elimination of coil-heating effects.

Finally, the performance independence on linear in-
terconnect errors is also welcome when a low shunt
capacitance cable is chosen—a high resultant series
inductance being of no significant consequence.

3 DRIVE-UNIT TRANSFER FUNCTION
ALIGNMENT UNDER CURRENT DRIVE

Small signal analysis reveals that under current drive,
there is a change in frequency response compared with
the voltage-driven case, the principal cause being the
loss in electromagnetic damping from the low-imped-
ance voice-coil circuit. Consequently, the drive unit
Q at fundamental resonance rises to that determined
by the mechanical parameters— generally too high for
optimal system alignment. To illustrate this, Fig. 14
compares the measured frequency responses of our ex-
ample drive unit under both current drive and voltage
drive. The rise in output around the fundamental res-
onance under current drive should be noted, along with
a reduction in high-frequency rolloff due to the voice-
coil inductance no longer appearing in the system
transfer function.

In order to realign the acoustic transfer function,
three methods have been investigated.

3.1 Electronic Equalization Using Open-Loop
Compensation

The addition of a low-level equalizer to redefine the
low-frequency alignment of a drive unit under voltage
drive is a well-documented technique [20], [21]. The
approach is equally applicable to current drive. If the
drive-unit transfer function is of the form

$2T?
$?T? + sTJQm + 1

G(s) =

where T is the time constant of fundamental resonance,
in seconds, and Q. is the mechanical drive-unit Q,
and the desired low-frequency target alignment is written

s2T§
s?T2 + sT./Q. + 1

Gt =

where T is the redefined system time constant, in sec-
onds, and Q.. is the compensated Q value, then, assuming
a second-order low-frequency alignment is retained,
the equalizer transfer function is defined:

X(s) = szTg >
s T2 + sT.JQ. + 1

y <s2T§ + sT/Qm + 1)

szTg
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Fig. 9. Mechanical model of drive unit in sealed enclosure under current drive.
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that is,

XG5) s’T? + sTT,Q, + T2T?
s —3
$2T? + sT./Q. + 1

3

The equalizer used for experimental purposes is rep-
resented by the cascaded integrator structure of Fig.
15. Comparing the transfer function of this system with
X(s) in Eq. (3), the time constants, are

T, = QT
T,

T2:—C
Qc

accL” outeut

non-linear function
generation amplifiers

sum zero dispiacement values

o »1(81} modulation

‘i’(mb 'A321000C mp

V: voltage source representing

. oa2 compliance
input current to the drive unit

modulation

%
compliance

Fig. 10. Simplified nonlinear model for current-driven sim-
ulation.
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and the summing constants,

Cl =1
¢, = &T:
Qst

T:
Cy = =%

3 Tz_

This gives the ability to redefine the system Q and,
if required, provide low-frequency extension.

Computer simulation of the equalizer and the example
drive-unit—enclosure combination shows in Fig. 16(a)
the overall system response for a Q realignment to
0.7071 with no resonant frequency shift, while Fig.
16(b) shows the effect of a resonance realignment to
40 Hz, with @ = 0.7071.

The disadvantage of this approach is the sensitivity
to drive-unit mechanical parameter changes. To in-
vestigate this effect, the drive-unit mechanical param-
eters were subjected to =20% tolerance and a Monte
Carlo analysis based on 25 trials carried out to show
the effect of random parametric variations within this
range. The results reveal a 2-dB response error standard
deviation around the area of fundamental resonance in
both cases. However, in practice, mechanical parameter
variations are likely to be better controlled with a well-
engineered drive unit.

A novel technique of altering low-frequency re-
alignment, which has been described in [22], is the
“ace bass” system after Stahl. This method relies on

Amplitude
0
dBv
.......................................................... T
HARMONIC FUNDAMENTAL
MEASURED | PREDICTED
.......................................................... - " 7
3 SW2 ) k66
........................................................... - — g
10 ..................................................................................................
dB
/D1vV
-80
START: 0 Hz BW: 1.875 Hz STOP: 500 Hz

Frequency

Fig. 11. Measured 100-Hz harmonic distortion, current driven. Table compares with predicted result.
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