aem project 6000

An ‘ultra-fidelity’

MOSFET power

amplifier module

David Tilbrook

The demands of the ‘digital era’ require power amplifiers of
unparallelled performance in every critical aspect - power oufput, total
harmonic distortion, dynamic distortion, stability, and subjective ‘sound’
(or lack of it, in reality). It is no easy matter to meet, let alone exceed,
the criteria required, but we believe this amplifier does just that. Two of
these modules will be employed in our upcoming ultra-fidelity stereo

power amplifier, the companion to our popular preamp published

earlier. - ‘

THIS PROJECT represents the second in our series of ultra-
fidelity audio components. The first was the AEM6010 Ultra-
fidelity Preamplifier which was designed as a no-compromise
unit with subjective performance being the most important
design criterion. This is the approach taken in the AEM6000
power amplifier. Its objective performance, such as the total
harmonic distortion (THD), frequency response, slew rate
and stability is excellent, but the vast majority cof develcp-
~ ment time has been spent on achieving the best possible sub-

jective performance. The design uses MOSFET output
transistors with what has become known as a fully symmet-
ric voltage amplifier stage driven by an asymmetric cascade
differential pair which employs both bipolar transistors and
a dual-JFET. This overall circuit topology was selected only
after a great deal of experimentation and was found to give
the best subjective performance of the various topologies
tried during development. The design does not use an
_ excessive amount of overall feedback and this, combined with
intrinsic-high speed, yields an amplifier with superb stabil-
ity characteristics.

Output stage considerations

In order to understand the reasons for the choice of this par-
ticular topology it is useful to start at the output stage and
work backwards. The output stage employs two pairs of
Hitachi complementary power MOSFETSs, the n-channel
28K176 and p-channel 25]56. These gre higher power dissi-
pation and higher voltage versions of the 28K134/25]49s used
in the AEM6500 general purpose power amp modules (July
'86 issue). The main limitation of these earlier MOSFETs that
prevents their use in this application is their relatively low
maximum drain-to-source voltage rating of 140 volts. In other
words, the maximum voltage at any instant that can be ap-

-plied from the drain to the source of these MOSFETs must
never exceed 140 volts, otherwise permanent damage to them
may OcCCur.

The power MOSFET is a particularly robust device but it
can be damaged by excessive voltage and so it is very
important that this criteria be well controlled. Since this
power amplifier, like most modern power amplifier designs,
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is intended to be powered from a rectified and filtered but
unregulated power supply, the supply voltage varies propor-
tionally with the mains voltage. Although the mains voltage
is rated nominally at 240 volts it varies about this figure,
sometimes very considerably. The mains voltage at our
laboratory in Wahroonga in Sydney, for example, lies some-
where between 245 and 255 volts depending on the time of
day. We have been advised by various eleciricity councils
in several states that a maximum mains supply voltage of
around 265 volts should be allowed for.

If, for example, a 300 VA 47-0-47 V power transformer was
to be used for the power supply of a power amplifier then
the supply voltage after full-wave rectification and with a load
of 300 watts, would be around + 66.5 volts. Under "“no-load”
conditions, supply voltages would be approximately 5%
higher than this at around =+ 70 volts. This is the case for a
mains supply voltage of 240 volts and you need to allow for
a peak mains supply of around 265 volts. Under these cir-
cumstances, the power supply rails could be as high as = 77
volts. If this power supply were now used in conjunction with
an output stage employing 2SK139/25]49 power MOSFETs
then it is possible for the maximum drain-to-source voltage
of 140 volts to be exceeded.

The vast majority of modern solid state power amplifier
output stages operate in what is referred to as ‘'class B" at
high output powers. This means that only one side of the out-
put stage is operational during any half cycle of the output
signal waveform, the complementary side being ‘off’. The
complementary output devices alternate passirg control of
the load to and from each other each time the output signal
voltage crosses zero. At full power then, even during a short,
very large transient signal voltage, one set of output devices
will be hard on, showing minimum drain-to-source resistance
(as I'm talking about MOSFETSs here) and allowing the out-
put te approach as closely as possible to one or other of the
two supply rails. Under this condition almost the full sup-
ply voltage is applied to the devices which are off during that
half cycle. There is some voltage drop across the ‘on’ MOS-
FETs due to their source-to-drain resistance and their source
resistors. Even this, however, cannot be relied upon because




the module might be operated with no load and hence these
drops will not be present. Under these conditions it is quite
possible to apply in excess of 150 volts across those MOS-
FETs in the ‘off’ state. Under such circumstances, power
MOSFETs with a maximum drain-to-source voltage of 140
volts can be, relied upon to have a very short life indeed!

For these reasons I have chosen the 25K176/25]56 com-
plementary pair for use in this design. These devices are even
more robust than their counterparts. They have a maximum
drain-to-source supply voltage rating of 200 volts, maximum
power dissipation rating of 125 watts and a maximum drain
current rating of 8 amps. The use of two pairs of these devices
in the output stage of this power amplifier makes it appropri-
ate for use with supply voltages ranging from * 50 to = 70
volts, allowing maximum output powers from around 100
to over 200 watts RMS. If you were building a power ampli-
fier to accompany a compact disk player and perhaps a
modern pair of direct radiating loudspeakers, then you should
opt for the higher power.

The power MOSFET is a voltage driven device. By this I
mean that the applied voltage expressed between its gate and
its source determines the resistance of the device from its
drain to its source. If the gate-to-source voltage is increased
the drain-to-source resistance is decreased (n.b: This is only
the case with enhancement mode devices, most JFET devices,
for example, are depletion mode types and operate more like
a vacuum tube. Increasing gate voltage causes an increas-
ing drain-to-source resistance). The maximum gate-to-source
voltage that can be applied is a characteristic of the particu-
lar choice of MOSFETSs employed. If the maximum gate-to-
source voltage of the power MOSFETS is exceeded by the
driving amplifier stages, the MOSFETs will be damaged
irreparably. This is the most common reason for MOSFETSs
to be destroyed once they are properly in circuit (that is, not
from electrostatic discharge) and to prevent this possibility
a series diode/zener diode string is incorporated in parallel
with the MOSFET from gate to source. The zener diodes
specified are 12 V/1 W types and, being in series with the
diodes, prevent the gate-to-source voltage from exceeding
12.6 volts.

The circuit diagram in Figure (1) shows the equivalent cir-
cuit of a power MOSFET similar to the types employed in
this design.

Figure 1. Cgd
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Rd = DRAIN RESISTANCE

Cds = DRAIN/SOURCE CAPACITANCE

Equivolent circutt of o typlcal power MOSFET

The gate appears as.a 90 ohm resistance in series with a
30 pF capacitance to the drain and a 500 pF capacitance to
the source. At dc, the input resistance is many thousands of
megohms, being determined by the effective dielectric cons-
tants of these two input capacitances. The.amount of gate-
to-source capacitance for the n-channel and p-channel pow-
er MOSFETs is substantially different, with the capacitance
usually being substantially less for the n-channel types.

The equivalent circuit gives us several insights into the
characteristics of these power MOSFETs. At low frequen-
cies the gate impedance is extremely high. As the frequency
increases, however, the gate-to-source and gate-to-drain
capacitances become increasingly important, decreasing the
input impedance substantially. When used in a class B
amplifier the different load capacitance that is presented by
the n-channel and p-channel MOSFETSs produces an asym-
metric load to the drive stage at high frequencies and, if
uncorrected (a common omission in published designs), this
tends to increase high frequency second harmonic distortion.
Fortunately, the problem is realatively simply solved by
increasing the gate-to-source capacitance of the n-channel
power MOSFETS by the addition of parallel 330 pF capaci-
tors connected between the gate and source.

The equivalent circuit also gives us an insight into the high
frequency performance of the power MOSFET. The effec-
tive gate resistance and the gate-to-source capacitance couple
to form a low-pass first-order filter that determines the high-
frequency response of the device. The cutoff frequency of
a power MOSFET is well in excess of 3 MHz when correct-
ly driven and the absence of an effect called “‘minority car-
rier storage’ ensures that the power MOSFET is unrivalled
in switching speed. The extremely fast response, coupled
with the high input impedance and the gate-to-source and
gate-to-drain capacitances, however, make the devices prone
to oscillation if they are incorrectly used. The cure is to
decrease the cutoff frequency of the output stage by the ad-
dition of series gate resistors for each device. These add to
the internal gate resistance and decrease the frequency
response of the output stage. These resistors, shown in the
AEMB000 main circuit diagram as 270 ohms, must be mount-
ed physically as closely as possible to the gates of the power
MOSFETs. Remember that these components are incorpo-
rated to cure a problem that will only exist at high frequen-
cies, so any inductance in series with the gate circuitry will
decrease their effectiveness. Although these series resistors
do decrease the slew rate of the output stage slightly, the ef-
fect is not dramatic and the overall slew rate figures of the
power amplifier remain very good. The extremely high slew
rate of the output stage facilitates a very broad open-loop
bandwidth which in turn contributes greatly to the reduc-
tion in slew-induced and other dymanic distortion
mechanisms.

Power amplifiers employing the more conventional bipo-
lar output transistors often suffer from inferior open-loop
bandwidth and tend to rely on the application of negative
feedback to linearise high frequency performance. In this
case. the amount of overall negative feedback decreases with
increasing frequency, leading to increased distortion figures
at higher frequencies.

There are other advantages of the power MOSFET that are
not revealed by examination of the equivalent circuit. Prob-
ably the most important of these is its thermal characteris-
tics. The power MOSFET, unlike the bipolar transistor, has
a negative temperature coefficient when operating above a
certain drain current. In the case of the 25K176 and 25]56 B
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devices, this is around 100 mA. Above this operating cur-
rent the power MOSFET has the characteristic such that an
increase in its operating temperature will cause a decrease
in the drain-to-source current for a given gate-to-source
voltage. The positive temperature coefficient exhibited by the
bipolar transistor, on the other hand, causes an increase
collector-to-emitter current as temperature rises when the
base current is held constant. The increased collector-to-
emitter current increases power dissipation within the device
and the consequent increase in the operating temperature
leads to a further increase in the collector-emitter current.
The result is an effect called “thermal runaway” which leads
inevitably to the to the destruction of the device. The nega-
tive temperature coefficient of the power MOSFET is the
characteristic that makes it so robust in comparison to bipo-
lar power transistors.

Inspection of the main circuit diagram of the AEM6000
power amplifier reveals that, associated with each output
MOSFET there is a 0.22 ohm (0R22) resistor in series with
the source. These resistors have a three-fold purpose. First-
ly, they encourage current sharing between the two pairs of
MOSFETSs. This is particularly important if the devices are
operated with a quiescent current of less than 100 mA.
Secondly, they greatly improve the stability characteristics
of the output stage, and finally, they help to linearise the
transfer characteristics of the devices. The final components
used to ensure stability of the output stage are associated with
the RC network connected from the output of the power am-
plifier to ground, which serves to provide the power MOS-
FETSs with a load at high frequencies. At a sufficiently high
frequency, the two 22 ohm/1 watt resistors in parallel
represent an 11 ohm load from output to ground.

The initial specification for the AEM6000 power amp was
that it should be capable of delivering in excess of 200 watts
RMS into an 8 chm load. This means that, when driven by
a sinewave it will develop 40 volt RMS across the load (i.e:
one having a peak amplitude of 56.6 volts). Since the mini-
mum drain-to-source on-resistance for the Hitachi devices
is around 1.8 ohms, [ would expect a voltage drop of around
6 volts as a result of the current necessary to develop 200
watts in an 8 ohm load. Allowing for a further voltage drop
of around 1 volt across the source resistors, the required sup-
ply voltage to ensure 200 watts into an 8 ohm load would
be around 64 volts. The recommended maximum suply vol-
tage of around 70 volts should therefore suffice.

The voltage ampilifier

The main voltage amplifier is a two-stage fully symmetric
differential amplifier. The differential voltage amplifier cir-
cuit was chosen since it was determined that the open-loop
distortion should be kept to a minimum. By this I mean that
the distortion of each individual amplifier stage within the
power amplier should be a minimum. In this way, good over-
all distortion performance can be achieved without the
introduction of large amounts of overall negative feedback.
The differential amplifier has a much lower intrinsic distor-
tion than a single-ended voltage amplifier. This is shown
clearly by the diagram in Figure 2. This graph shows the

difference in distortion performance between-a differential.

pair and a single transistor for various open-loop gains. The
distortion figures for the differential pair are around 30 dB
below those of a single transistor.

The voltage gain stage is fully symmetric since it became
clear during the development of this power amplifier that
the subjective performance of this type of voltage amplifier
is clearly superior to the earlier asymmetric designs.
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Figure 2.

However, this was found only to be the case in those parts
of the power amplifier design that necessitated large signal
level, and hence large signal slopes or slew rate (the ability
to change voltage output very rapidly). In fact, both the sub-
jective and objective performance of fully symmetric differen-
tial pairs employing bipolar transistors proved to be inferior
to that of an asymmetric differential pair when used at low
signal levels.

The voltage amplifier stage consists of the fully symmet-
ric differential pairs formed by Q11-Q14, followed by a
differential voltage amplifier stage formed by Q15-Q18 and
fed from a pair of constant-current sources formed by Q9,
Q10 and their associated resistors and diodes.

The input differential pair

The input stage is an asymmetric cascade differential pair
formed by the combination of a dual-JFET, Q1 and Q2, and
a pair of bipolar transistors, Q3 and Q4. The correct operat-
ing conditions are established by two constant-current
sources in conjunction with a zener diode. The first of these
current sources is formed from Q7 and Q8 in association with
resistors R13 and R14, while the second is formed from Q5
and Q6 and resistors R8 and R10. :

[ have chosen an asymmetric input differential pair in
preference to a fully symmetric stage since, as mentioned
above, both the subjective and objective performance of the
asymmetric circuit proved to be superior. The reasons for
this are associated with a fundamental problem of symmet-
ric stages, that of asymmetry of the characteristics of npn
and pnp transistors. The reality is that, although the princi-
ple of a symmetric amplifier circuit is to oppose every npn
device with a pnp device so that the non-linearities gener-
ated by these two devices cancel; in practise this does not
occur. Because npn and pnp bipolar transistors have differ-
ent characteristics, some asymmetry in the operation of the
circuit is inevitable. This problem is most significant for small
signal levels and so the choice of a fully symmetric stage
using bipolar transistors for the input differential pair is, in
my opinion, inappropriate. No doubt these remarks will
cause some controversy, but my opinion is supported by both
objective and subjective analysis of a variety of test amplifi-
ers. Some of these were fitted with asymmetric stages. The
test amps were otherwise identical. The CMRR (common
mode rejection ratio) of the asymmetric stages was consis-



tently superior to those of the fully symmetric stages as was
the THD and the overall output offset voltage. The symmet-
ric stages do exhibit decided advantages, however, for
application in the voltage amplifier stages where the rela-
tively poor CMRR performance is unimportant.

Another aspect of the input stage design that was found
to be of particular importance to the subjective performance
of the power amp, was the elimination of capacitors from
the signal path. In particular, the dc blocking capacitor usual-
ly employed in the feedback loop to reduce the overall dc
gain of the amp, and hence the de offset, was found 1o conse
significant degradation of subjective performance. In order
to facilitate removal of this capacitor altogether, the dual-
JFET input pair was required. If a bipolar transistor pair was
to be used instead, the base-emitter bias current necessary
would produce an input offset voltage of around 20 mV. After
amplification by the dc gain of the power amp, an output off-
set voltage of around 1 V could easily result. The JFETS, of
course, do not suffer from this problem. Furthermore, since
the two JFETS are mounted on the same chip, this ensures
excellent thermal tracking and consequent stability of the out-
put offset voltage with temperature changes.

The power amplifier can be operated entirely direct-
coupled if required, although some caution should be execut-

ed if attempting to do so. Remember that the power amp will
be driven to full power from a 1 V input signal. Application
of just 1 Vdc to the input of the power amp will result in full
power dc signal (around 70 Vdc) being applied to the base
driver of your loudspeakers with obvious catastrophic results!
In next month's issue we will be describing a dc protection
circuit that detects the presence of dc on the output stage
of any power amp and automatically disconnects the loud-
speakers if necessary. This unit will also be incorporated into
the AEMG000 power amplifier and is recommended for use
R T N R T R L T O R T e R R G R
the use of the input coupling capacitor G 1t has Hitle, 1 any,
effect on the subjective performance and could help to pro-
vent a costly accident in the event of a dc offset problem
associated with the preamplifier used to drive the power amp.

Next month I will be describing the construction of the
power amp modules in detail and, as mentioned above, the
design and construction of the dc protection circuitry. Until
then, take the time to examine how the circuit functions, as
described in the Circuit Operation section of this article.
Direct- (or d¢-) coupled power amps, particularly high power
ones, can be difficult to service at times and familiarity with
the circuit under these circumstances is imperitive.

Below: A prototype board.
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