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Moving-coil loudspeakers generally provide a substantial improvement in linearity
when current driven, together with the elimination of voice-coil heating effects. Con-
sequently there is a need to investigate low-distortion power amplifier topologies suitable
for this purpose. After considering established current feedback approaches, a novel
method using a common-base isolation stage is outlined and extended to show a prototype
amplifier circuit in detail. In addition, the elements of a two-way active current-driven
system are described, with low-frequency velocity feedback control derived from a
sensing coil. The coupling error between this coil and the main driving, coil is nulled
by electronic compensation.

0 INTRODUCTION At higher frequencies, nonlinearity occurs as the coil
inductance is modulated by movement in the magnetic

The moving-coil drive unit can readily be shown to circuit and by other effects such as magnetic hysteresis
benefit in terms of linearity when controlled by a current [4]. Measurements under current drive have shown, in
source rather than the more conventional voltage source, comparison with voltage drive, a high-frequency dis-

Throughout this paper we will term this mode of op- tortion reduction of typically 20-30 dB for a bass-
eration current drive, whereby the amplifier source midrange drive unit.
impedance can, to all intents and purposes, be consid- These performance advantages arise from the coil
ered infinite compared to the drive unit impedance, resistance and inductance being totally eliminated from

Of the drive unit error mechanisms that can be the system transfer function. The force on the cone is
countered by current drive, the voice-coil resistance proportional to the voice-coil current, not the applied
is of particular interest. As a result of self-heating in voltage. Analysis also shows a reduced dependence on
excess of 200°C, the increase in coil resistance leads nonlinearity within the force factor and mechanical
to sensitivity loss (often referred to as power com- impedance of the drive unit.
pression [1], [2]), -loss in electrical damping of the Thus as a result of the performance gains that can
fundamental resonance, and crossover filter misalign- be demonstrated using current drive, there arises the

ment. In their paper Hsu et al. [3] concluded that a need to investigate suitable power amplifier topologies
satisfactory method of compensating for the effect had to make the best of the technique. This paper therefore
yet to be found, aims to review some of the earlier published workon

transconductance amplifier design, while presenting
new topologies and detailed circuitry of a two-way

* Manuscript received 1988 July 6. This paper expands active prototype system. In addition, due to the loss
on some areas covered by the authors in "Distortion Reduction
in Moving-Coil Loudspeaker Systems Using Current-Drive of voice-coil damping under current drive, control cir-
Technology," volume 37, number 3 (1989 March). cuitry for restoring damping by means of motional
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feedback applied to the bass-midrange drive unit is in conjunction with a floating sensing resistor in order
described, along with the low-level crossover circuitry to maintain current feedback.
of the prototype system. Another technique used in implementing transcon-

ductance amplifiers involves the combination of supply

I POWER AMPLIFIER TOPOLOGIES FOR current sensing around a follower, together with current
CURRENT DRIVE mirrors feeding the load [9]. The arrangement is shown

in Fig. 2, where Rf is a dummy load and the transcon-
1.1 Review of Transconductance Amplifier ductance is again defined by Eq. (1). Operation of the
Techniques circuit is typicallyin class AB.

A transconductance power amplifier requires a high While suitable for low output currents (<50 mA
output impedance that is linear and frequency inde- peak), the approach is difficult to extend to the levels
pendent. It must also possess the attributes of a con- required for driving a loudspeaker (typically 5 A peak
ventional voltage power amplifier such as high linearity, or more) due to the linearity of the mirrors and also
wide bandwidth, freedom from slewing-induced errors, power loss in Rf. Although the mirrors could be arranged
and insensitivity to load variations (be they linear or to provide current gain and could be partially linearized
nonlinear), by error-correctiontechniques [10], the technique is

The most commonly used technique to obtain a high not felt to offer a particularly practical solution.
output impedance is to apply current feedback around
a conventional power amplifier by means of a sensing 1.2 Methods Using a Common-Base Isolation
resistor in the loudspeaker earth return [5], [6], as il- Stage

lustrated in Fig. 1. The transconductance gm is defined The approach devised to overcome the limitations

cited as being inherent to existing topologies is illus-
1 trated in basicform by Fig. 3. The notableaspectof

gm = R_ ' (1) this strategy is the open-loop grounded base stage, which
isolates the load ZL from the main amplifier A t while

The method has also been used in high-current in- providing a naturally high output impedance without
dustrial applications. There are two main disadvantages the use of overall current feedback. In addition a cascade
with such a system. First, the open-loop gain of the configuration is formed in conjunction with the output
amplifier is frequency dependent as a result of the am- devices in the main amplifier A t. Resistor Rf defines
plifier's dominant pole, and this is reflected in the output the transconductance, driven from amplifier At, a voltage
impedance. Second, the loudspeaker impedance, which source, which may operate with low values of supply
is both frequency dependent and nonlinear, tends to voltage + Vsl to reduce power dissipation. The loud-
modulate the transconductance of the amplifier. The speaker is referenced to ground and isolated from any
fact that the load is not ground referenced may be con- feedback loop used to linearize the amplifier A t. A1-
sidered inconvenient in some applications, though a successful prototype based on this scheme

A refinement of the basic technique was described has been constructed, with amplifier At running in class
in Lewis [7]. The circuit was symmetrical in nature, A and with a class AB outputstage, it is to some extent
using two current-sensing resistors, with a ground ref- an uneconomical solution due to the need for two pairs
erenced load fed from MOSFET output devices. Good of floating power supplies.
linearity was indicated at 10-W average power into a
5-g load. However due to class A operation, the design
would be inefficient at the power levels necessary for l 'vcc

a moving-coil drive unit (between 50 and 100 W typ- current }
ically). Caremustbe takento minimizeoutputoffset mirror

currentwiththisscheme. __J t

A further ground-referenced current feedback scheme [

was described in Nedungadi [8], but this required the PI_ Ip Ipcomplexity of a differential voltage-to-current converter
_11 voltage _12 _13

Io !_ 2 3
Via o

_- N _IN IN

ZL
--I [.

f mirror

- i -Vcc
Fig. 1. Basic current-feedback-derived transconductance
amplifier. Fig.2. Voltage-currentconverter.AfterRaoandHaslett[9].
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A more viable alternative is the revised topology rations [11], described how transformer-derived feed-
illustrated by Fig. 4. This circuit takes the form of a back could be used to generate transconductance and

current amplifier of current gain current gain functions, as shown in Fig. 5. In Fig. 5(a)
resistor Rf is still necessasry in order to define the stage

Rx transconductance.

ct - Rf (2) Although no research has been directed in this area
and the approach is only conceptual in nature, it may

The first-stage power supply + Vst is ground ref- be worth further investigation, given a wide-bandwidth
erenced, unlike the previous case, meaning that several transformer design.
power amplifiers within an active system may share a
common supply, thus reducing complexity and cost. 2 PROTOTYPE AMPLIFIER SYSTEM
Like the previous scheme, the current flowing in the
transconductance defining resistor Rf is that which flows 2.1 General Overview
in the load ZL, except for any base current lost to ground The two-way active loudspeaker system constructed
in the common-base stage. The fact that the amplifier to validate the basic approach proposed for high output
A i is referenced to the input of the common-base stage impedance power amplifier design was based on the
and not to ground tends to decouple it from any distortion Celestion SL600 loudspeaker. In this section the current
appearing at the emitters of the common-base stage, gain power amplifier is considered in detail along with

This topology forms the basis of the prototype system, the necessary transconductance preamplifier, while Sec.
the detailed circuitry of which is described in Sec. 2. 3 considers the associated motional feedback control

On a practical note, it is important to provide adequate circuitry, which is required for the bass-midrange drive
current gain in the common-base stage in order to pre- unit.
vent nonlinear current loss to ground, which introduces Throughout the design, the underlying philosophy
distortion, has been to use symmetricaldirect-coupledcircuitry

to give good transfer function linearity without recourse
1.3 Alternative Approaches to high levels of overall negative feedback [12], [13].

All of the circuits described so far rely on a current- DC stability is taken care of by servo amplifiers (feed-
sensing resistor to define the overall system transcon- back integrators).
ductance. Even when this resistor is of a low value

(about 1 FZ), it still tends to dissipate an appreciable 2.2 Transconductance Preamplifier
amount of power. This element would at first seem to Fig. 6 shows a two-stage design, the basic topology
be fundamental to the design of a transconductance of which has often been used with overall feedback as
amplifier, but it is interesting to note the possibilities
of transformer-derived feedback in perhaps reducing o

suchlosses. · .R_
Nordholt, in his classification of feedback configu- lVin

1

Vino

Iout 1

g ictrcodencporamierusn
grounded-baseoutputstage, c _ : _ 1

Iin ' out
1

-- _[J,JZL)lVs_ j. Vsz - - -

[ our n1

_IVs_ Vsz Iin
(b)

Fig. 5. Transformer-derived feedback systems. After Nordholt
Fig. 4. Alternative configuration for current gain. [11]. (a) Transconductance stage. (b) Current gain stage.
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I

a voltage gain stage [14]. It is operated here open loop nulling output. These are only required for low-fre-
to provide a high output impedance and consequently quency use, and their function is described in Sec. 3
must be capable of good linearity, when considering the velocity feedback control cir-

Transistor pairs Q3/Q4 and Qs/Q6 form cascodes to cuitry.
increase high-frequency linearity and give a high output

impedance. Bias arrangements for the cascode are 2.3 Current Gain Power Amplifier
somewhat unusual in that resistors R 14and R 15are not The current gain power amplifier, which accepts the

returned to the supply rails, but are connected to the output of the transconductance preamplifier, is based
emitters of the common-emitter part of the cascode, on the structure shown in Fig. 4. For the purpose of
thus avoiding nonlinearity from base current loss in description, it is split into three sections: input amplifier,
the common-base devices [15]. This reduces high-fre- power follower, and common-base output stage. Both

quency distortion by typically a factor of 10 at 20 kHz input amplifier and follower are represented by the gain
over the conventional bias method, block A i in this simplified representation.

Operational amplifier ICl with associated passive We consider first the input amplifier, Fig. 7. This is
components forms a current-sensing differential servo essentially the same topology as the transconductance

amplifier to null any output offset current due to im- preamplifier, but with a few refinements. Input stage
balances in the main circuit and has no effect on per- biasing is 'performed with current sources based around
formance within the audio band. This configuration of transistors Q] and Q2, instead of resistive biasing. This

servo amplifier, to the authors' knowledge, has not is a result of the need to provide immunity to the greater
been seen before in the literature, level of supply rail contamination caused by class AB

At frequencies within the passband of the amplifier, operation of the power follower stage. The output from
the transconductance gm may be approximated by the the transconductance preamplifier is fed to the emitters

expression of the input devices Q3 and Q4, which thus operate in
common-base mode. The first and second stages of the

lout R6 amplifier are coupled together by current mirror pairs

gm Vin Rl](R8/2 + Ri0) (3) Qs/Q8 and Qo/QI2 to reduce loading effects and inter-
action between the two stages. These mirrors are them-

With the component values shown, gm _ 4 mS. selves linearized by local error feedback correction
In addition to the main input and output, an auxiliary consisting of transistor pairs Q6/Q7 and Q lo/Q ]1. This

velocity feedback input is provided along with an error- approach has been previously documented [10], al-
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Fig. 6. Transconductance preamplifier.
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though in this case some current gain has been intro- Q i6 and Q17. Further linearization is achieved by current
duced into the mirrors to enable correct quiescent op- mirror transistors Q25 and Q26, which form a negative
erating conditions to be established in the first and feedback loop, thus reducing the source impedance
second gain stages, seen by output Darlingtons Q3o and Q31.

The outputs from the cascode pairs Q8/Q13 and Q12/ Moving now to Fig. 9, which shows the output com-
Q 14are displaced _+4 V about ground by green LEDs mon-base stage, the preceding follower drives current
D1-D4, in order to bias the next stage. Resistor R28 through resistor Q67, which in conjunction with R2

and capacitor C3 are included to define the open-loop (Fig. 7) sets the midband current gain of the complete
gain characteristics of the amplifier, to ensure that sta- amplifier to around 800. Inductor L2 serves to reduce
bility is maintained under closed-loop conditions, the high-frequency current gain of the amplifier to ensure

Fig. 8 shows the next section, which is a follower stability. The current in R67 flows into the common-
with extensive error-correction circuitry and is essen- base output stage, consisting of Darlingtons Q32 and
tially similar to a previously published topology [16], Q33, along with driver devices Q36 and Q37, the bases
but with improvements to biasing arrangements. It is of which are referenced to ground. Except for any cur-
worth briefly reviewing the principle of operation, rent loss to ground, such as through the bases of these

Transistor pairs Qi6/Qi8 and QiT/Q19 form a Dar- devices and through the biasing current sources (Q34,

lington follower, preventing loading of the previous Q35), the current in R67 flOWS through the load via
stage and driving the Darlington output devices Q30 floating power supplies _+Vcc2.
and Q3]- Transistors Q28 and Q29 form Vbemultipliers In order to establish a low-output offset current for
to bias the output Darlingtons, but are also configured the amplifier (typically less than + 2 mA), a servo based
as error amplifiers, which together with Q22 and Q23 around ICl and referenced to the input of the common-
form the main error feedback loop, delivering a cor- base stage, is used to feed a dc compensation current
rection current through resistors R38 and R7s in response back to the input of the amplifier.
to any nonlinearity in the output devices Q30 and Q31. To prevent switch-on and switch-off transients from

R48 is included as an adjustment to achieve the best reaching the load, relay RL1 is included, controlled by
distortion null. a time-delay circuit on startup and almost instanta-

In order to linearize Q]8 and Q19, which have to neously dropping out on power down. The control cir-
drive the output Darlingtons, additional error correction cuitry to perform this function is not shown.
in the form of feedforward is applied with the aid of The power amplifier together with the transcon-
Q20 and Q21, in combination with the input transistors ductance preamplifier was evaluated in terms of standard
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Fig. 7. Prototype amplifier, input stage.
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measurements and found to be comparable with a typical 3 VELOCITY FEEDBACK CONTROL SYSTEM
high-performance conventional amplifier. The results
are as follows: 3.1 Outline Approach

In order to compensate for the loss in electric damping
of the bass-midrange unit caused by the high amplifier

Ratedpoweroutput output impedance, velocity feedback was used to restore(8-_ resistive load) 75 W average
Totalharmonicdistortion damping [5], [6]. While many forms of sensing ar-

at ratedpower rangement have been described ([17]-[23], for ex-
20Hz -79 dB ample),the methodadoptedhere is attractivefor reasons
1kHz - 86dB
20kHz -68 dB of mechanical simplicity and cost effectiveness. The

Intermodulationdistortion technique used is to wind a sensing coil over the main
(19 and 20 kHz at equal levels voice coil of the drive unit. The output voltage of the
at ratedpower) -86 dB

Humand noise (remaximum sensing coil will ideally be defined by
output) -90dB

Small-signal bandwidth, -3 dB 0.1 Hz to 50 kHz Vs = (B1)sU (4)
Output impedance*

20Hz 4.1M_
1 kHz 106 k_ where (B/)s is the sensing coil Bl product, N/A, and u
20 kHz 11.4 kf_ is the cone velcity, m/s.
* From computer simulation, due to the difficulty in Unfortunately an error is induced in the sensing coil

performing these measurements, by transformer action from the main driving coil. In
the previously documented work induced errors were

It is interesting to note that the distortion measure- overcome by neutralizing coils or by an altogether more
ments may only easily be made indirectly by converting elaborate mechanical arrangement to physically isolate
the output current to a voltage, by means of a resistive the driving and sensing coils. With the approach con-
load bank. The measurements as shown will thus reflect sidered here, a procedure of electronic compensation
any nonlinearity in the load. has been chosen in order to avoid expensive tooling

The protective features, consisting of output fuses costs for a specialized drive unit.
and relay contact, should not introduce any degradation The physical arrangement of the assembly is shown
in performance, as they are in series with a high source in Fig. 10. It should be noted that in this case, the
impedance, which is not the case with a conventional sensing coil follows roughly the same BI profile as the
poweramplifier, main driving coil, so the action of velocity feedback
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Fig. 8. Prototype amplifier, follower stage.
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does not improve linearity above that already afforded ·
by the current drive.

If a longer sensing coil could be accommodated (or
indeed a very short coil that remained well within the
magnet gap), a further reduction in distortion would
be possible.

3.2 Coupling Error Compensation
In order to investigate the nature of the transformer

coupling error, Fig. 11 shows the error magnitude with
respect to frequency for the coil assembly at equilibrium
and also at both extremes of travel. For this measurement

the driving coil was powered from the prototype trans-
conductance amplifier system. The level of error is Fig. 10. Sensing-coil assembly.
seen to be frequency dependent, rising initially at a
rate of approximately 4.6 dB/octave. This unusual
characteristic is considered to be a function of pole- AmpLitude-27

piece coupling with the magnetic circuit, but a full _Bv
A - coil fu Hyin (toward · _._

analysis of the mechanisms at work has not been un- ._qnet) . ___
.......... ]B - colt in centre position ] _/_

dertaken. In addition, some positional dependence of c- coilfullyout(owoy / /
the error magnitudeis alsoapparent.At 100Hz [he

couplederroris around 15 dB belowthevoltageap- :..f_omj__..

pearing on the driving coil, thus illustrating the need 06

for an effective compensation system. /o;v
To implement the compensator, it is necessary to

derivea signalproportionalto the currentin the driving A : :.......... : :

coil andto subjectthissignalto the samefrequency
dependence as the error mechanism itself in order to
null the error from the sensing coil output. The variation -_7START: 20 HZ 8W: 2.5 HZ STOP: 1 020 HZ

in error level with displacement (typically + 3 dB) has Frequency

not been accounted for. Fig. 11. Measuredtransformercouplingerror.
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Fig. 9. Prototype amplifier, common-base stage. Protection relay contacts RL_ are shown with amplifier shut down.
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Fig. 12 illustrates the general approach to synthesis of the transconductance preamplifier (Fig. 6). Thus the
of the frequency-dependent element of the compensator, input to the compensator is proportional to the drive
A number of first-order sections are combined, with unit current. This differential signal is converted to

pole-zero locations set to produce a slope approxi- single-ended format before the 4.6-dB/octave weighting
mating that desired. The general circuit configuration is applied by the circuitry based around ICld. R22 pro-
to give this response is shown in Fig. 13 for an nth- vides an adjustment to enable the best error null to be

order compensator. The transfer function of this circuit obtained with a static motor coil assembly connected
is written to thevelocityfeedbackinput.

In order to maintain stability of the closed-loop sys-

_( _ rem, a second-orderlow-passfilterat 500Hzis included
Vout _ jtoRC_ _ (5)
Vin r=0 1 + jtoRrCr/ ' in the feedback control loop. This also has the benefit

of reducing any residual transformer coupling error at

A software optimization routine was used to select high frequencies, where the compensator is no longer
component values in order to match the 4.6-dB/octave as effective due to the changing slope of the error.
slope required. For a 6th-order compensator, the corn- Finally the output of the controller is summed with the
puter-predicted frequency response is shown in Fig. main signal at the velocity feedback input of the trans-
14, which also lists the nearest preferred value corn- conductance preamplifier, with R27 (Fig. 15) providing
ponent values chosen. The result is deemed more than an adjustment of the low-frequency Q alignment.

adequate for our purposes, bearing in mind that some To illustrate the performance of the velocity feedback
positional dependence of the coupling error is present, control system, a number of frequency and time domain
together with a gradual deviation from the idealized measurements were obtained. First, Fig. 16(a) shows
4.6-dB/octave response with increasing frequency.

Amplitude

3.3 Complete Control System (,ogscote) re®mstope._.-

We continue by considering the complete velocity .._
feedback control system shown in Fig. 15. The sensing
coil (source impedance 28 _) is connected to a high

input impedance buffer stage IC2a via an attenuator .-
network to avoid overload. IC2b forms a summing am-
plifier in order to subtract the signal derived from the

coupling error compensator, z_ Pi z2 P2 Z) P3 Z_. Pt, Frequency

The compensator input is differential, accepting the (tog_co_e)
voltage across the serve current-sensing resistor R18 Fig. 12. Basis for synthesis of coupling error compensator.

[o Ro
II
[1 R1 R

II _ __

Vinl o E2 R2 I_
II _ _ lVo_t

; ' iI

-- i Cn Rn
i II rn-- --

Fig.13. General configuration for nth-order compensator.

Amptitude (dB) Phase (degrees) c_ponent values (npv):

lB, ;.................. i ................ i ................. 7 ................ :tBS,
% = 330 kn

i i ,m,"'y ' .....Ra = 5.1 kO

Rs : 39 n

i i i,/ ; : c0 .....-15, ,.......................................................................,,.j _, c, ,so._
c2

c3 68 nP//ll.? nF

c5 39 nF

iii i .............................................
40, :...............:.................'............... '................'-180,

16, 47,287 223,81 1,g5741<5,1{
Frequency {Hz)

Fig. 14. Computer-predicted response of compensator.
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Fig, 15. Velocity feedback control system.
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-tS -15 ,
dBv d_v
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START: 20 Hz 8w: 2.5 HZ STOP: I 020 Hz START: 20 HZ BH: 2,5 HZ STOP: 1 020 Hz
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×: 625 _7 'f: 15.69 dBv Frequency

(c)

Fig. 16. Velocity feedback control signal. (a) Sensing-coil output voltage. (b) Addition of compensator. (c) Addition of

compensator and low-pass filter.
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the output of the sensing coil, corresponding to velocity, Amptitude20

with frequency. The peak at 62.5 Hz correspondsto .....
the driveunit-enclosure fundamentalresonance,while

the risinghigh-frequencyoutputis due to thecoupling

error betweendriveand sensingcoils. Fig. 16(b)shows ,2,t
the addition of the coupling error compensator, giving ....
a much reduced spurious high-frequency output. The
further addition of the second-order low-pass filter at
500 Hz gives the response of Fig. 16(c), which is close -2°
to an idealizedvelocity function, s.........._............ T_me

Steady-state sine-wave measurementsof the acoustic (a)

output suggest a worthwhile improvement in linearity Amplitude
of the bass-midrange drive unit compared to voltage
drive. The following acousticdistortion measurements
ata drivecurrentof 1Apeakare illustrative:

Voltage Current
Drive Drive* J

(dB) (dB) ....

Total harmonic distortion
at 100Hzrefundamental -34.1 -43.3 ·

Totalharmonicdistortion s_A_,:-2°,_7_..............
Time

at 3 kHz re fundamental -28.4 -55.0 (b)
· Under closed-loop conditions.

Amplitude

The effectiveness of the coupling error compensator v2°_tIi ii i .,
and filter is confirmed by the fact that no increase in I_
harmonic distortion is measurable up to 3 kHz and

beyond (that is, over the full operating range of the _ ;iiii-- i _ ___driveunit)when the feedbackloop is closed.The actual 'j;}[ ....
increase in distortion level present on the unfiltered
and uncompensated velocity signal, compared to the · : . :

drive unit acoustic output, ranges from 11to 23 dB as
-no

frequency is increased from 500 Hz to 3 kHz. _............... _im_.......
The ability to vary the system Q with the velocity (c)

feedback control circuit is shown by means of near-
field acoustic step response measurements. Fig. 17(a) Amptifude2o

volt

is without the velocity feedback operational, showing ]

a Qofaround2.5, which is the natural mechanical Q (t i ' iiiii iiiiii · ·iiiiof the drive unit. Fig. 17(b)-(e)shows compensated iiiiiiiiii ii iiiiii
Q alignments of 1.5, 1.0, 0.7, and 0.5, respectively. _o,_

A value of Q = 0.7 preserves the low-frequency char- _°" : : : : :
acteristicsof the unmodifiedloudspeakerundervoltage
drive

-a0
START:187.5ps STOP:38t-88m

Time

4 LOW-LEVEL CROSSOVER (d)

To complete the two-way prototype system, a second- Amplitude

orderlow-level high- and low-passcrossoverwas in- 47t

cluded to integrate the drive units together, with a nom-
inal crossover point of 3 kHz.

The crossover is implemented by passive RC ele-
ments, the time constants of which are individually _;'_
adjustableto givetheflattestfrequencyresponse,with : : i

bufferamplifiersbetweenstages, to avoid loadinget- i
fects.The completesystemis shownin modularform .....
by Fig. 18. After the input level control, amplifier A 1 _;_.....................

Time

provides a low-impedance drive to the first low- and (e)
high-pass filters, which are buffered by amplifiers A2

Fig. 17. Measured step responses of bass-midrange drive
and A3 before the second set of filter sections. A4 and unit. (a) Q = 2.5 (no feedback). (b) Q = 1.5. (c) Q = 1.0.
A5 are the transconductance preamplifiers previously (d) Q = 0.7. (e) Q = 0.5.
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described, which drive the high- and low-frequency room measured frequency response curve of Fig. 20,
power amplifiers, respectively, with the measurement microphone 1 m on axis. The

The circuit topology of buffer amplifiers A l, A2, and uneven high-frequency response is a function of the
A 3 (Fig. 19) is similar to the transconductance pream- tweeter characteristics, with the resonant peak near 19
plifier, but with the addition of an output follower and kHz being due to the first bending mode resonance of
overall negative feedback to provide a low output the copper dome. There is no discernible frequency
impedance. Certain gain and frequency response de- response deviation in moving from voltage drive to
fining components are specific to individual amplifier current drive with this device, due to its high level of

stagesas indicated, intrinsicdamping.
The performance of the system is shown by the in- While the low-frequency drive unit benefits sub-

............. ........: ¢>c1 J_j i , ¢_ J 10ut
33_ 7 3_ (Hr)

!l 2_2

Vin
ct

J_ '"

I
set input
[eve[

Al-input buffer 1_ i

A2-HF buffer _/_ _k 'j_ 'L_Jk'_ _,o2_

LL ' - - ; ; o fo LF power
A/C HF ] tronsconducfance preamps. _ lout amptifier
Ab-LF " (LP)i

....Z: Z 'I tot1 i '-

, , , _=-j j ( o velocity
i i i

............ .J L ............ J iF/Binpufplug - in crossover
board

Fig. i 8. Block diagram of low-level crossover.

Ii: I ° +*'

_. ,Rtl 22o_'_ n
21e_ _s'O_

OC_l

CS
O,

option C1,C2 J R1 R178ctgrt Q*
8c.,,_.I A1 lp _7k omit

I

er c_ [ o._ ,..A2 0'l.u 100k 2k2

Z'rx*r A3 lp Jl00k 2k2+2ktrimmer

_2 $9R
,%

input _J i ._gl_' =_,-_s l ._,9 output

m C._ --

_Ot7 J Cf C&
4_-0-t ).-o , I 2_o.. looo

Fig. !9. Boffer amplifiers for crossover network.
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stantially from current drive, the improvements in lin- the drive unit when equalized by velocity feedback to
earity to the tweeter are more modest, largely as a give the same Q at fundamental resonance as in the
result of a more linear magnetic circuit and lower cone voltage-driven case (Q --_0.7). Under these conditions,
displacements. A distortion improvement of typically also with a 3-kHz crossover point, the current waveform
3-7 dB is afforded. However, benefits in terms of the is seen to be similar to the voltage-driven case, while
elimination of thermally induced errors are still ap- the voltage waveform shows peaks due to the voice-

parent, coilinductance(Fig. 23). Theinstantaneousimpedance
modulus is similar to that under voltage drive, but

5 DYNAMIC CURRENT AND VOLTAGE DEMAND slightly lower at 4.05 f_.
The main significance of these results is that while

Under certain signal conditions, drive units and the power amplifier is similarly stressed under both
loudspeaker systems have, under voltage drive, been voltage and current drive, allowance must be made for
shown to exhibit an instantaneous impedance modulus sufficient headroom in the power amplifier for the volt-

lower than might initially be suggested from the steady- age peak resulting from the coil inductance. The problem
state impedance characteristics, thus stressing the power is worsened by voice-coil heating. The effect of a tem-
amplifier in terms of current delivery [24]-[28]. In perature rise of 200°C (meaning that the coil resistance
this section we consider the implications of this work increases to 13 _ using copper) is shown by the wave-
in relation to current drive, forms of Fig. 24. While the current waveform is iden-

As an example, the bass-midrange unit and enclosure tical to that at normal temperature, as expected, the
combination is considered. The equivalent electrical voltage waveform is increased in magnitude in order
model is shown in Fig. 21. Under voltage drive, a to keep the current constant. The negative-going ex-
pulse is applied to the drive unit, the duration of which cursion is seen to be 1.7 times greater. Although the

is set to excite the large negative-going current excursion performance of the drive unit is unaffected by the in-
shown in Fig. 22. The voltage signal has been second-

Voltage tV)
order low-pass filtered at 3 kHz to represent realistic _0. .....................................................................t0.

operatingconditions. Atthepoint of maximum negative- ii-_'"_ t

going current, the instantaneous impedance modulus is 0.................................................. 0.
4.15 f_, lower than the steady-state minimum of 7 f_.

Under current drive it is only realistic to consider -_0, :................ ................. ·................ ................. '-t0.0. 0._02_ e,005 0.0875 0.0_
Time(s)

Amplitude (a)-s , , ,
dBv

' ' ' ' Current (A)

2, Z................ _.................. :.................. : ................. :2,

-1 / -1

-L :............. '.............. '................ '................ '-2.
- 85 0. 0,0025 0.005 0.0075 0,01

Time (s)
START: 50 HZ BN: 50 HZ STOP: 20 050 HZ

Frequency (b)
Fig. 22. Bass-midrange unit: dynamic current demand under

Fig. 20. Measured frequency response of complete system, voltage drive.

Le 1.05mil ReT^

Rx 25a

AMPLIFIER 30OFFT 35.

0

,_ of 20%

Fig. 21. Electrical model of bass-midrange drive unit and enclosure combination. Lc--Voice-coil inductance; Rx--losses
due to pole piece coupling; Re--Voice-coil resistance; Cme--capacitance due to moving mass; Rmc--resistance due to
mechanical losses; Lms--inductance due to suspension compliance; Leah--inductance due to volume of air in cabinet.
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creased temperature, care must be taken in selecting the group on distortion correction techniques. The
the supply voltages for the power amplifier to avoid availability of new hybrid gain stage devices (such as
voltage clipping, with implications regarding the safe the Deltec DH-aA32) with high open-loop bandwidth
operating area of power devices, and good output voltage and current-driving capabilities

considerably simplifies the task of power amplifier de-

6 CONCLUSIONS sign.
The provision of velocity feedback control circuitry

In this paper we have considered a prototype two- introduces additional complexity over voltage drive,
way active current-driven loudspeaker system. The main but this must be considered the price to be paid for
benefits of current drive are seen to be a freedom from what is regarded as a most worthwhile improvement
thermally induced distortion effects and also high-fre- in loudspeaker performance.
quency nonlinearity caused by the voice-coil inductance.
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