Audio Classroom

Designing Your Own Amplifier, part 2: The Power Stage

BY NORMAN H. CROWHURST

from which it is also possible to make up
quite accurate designs.

The tube characteristics on which you
draw load lines are the ones that plot
plate current against plate voltage for
various values of fixed grid voltage. Fig-
ure 1 shows such a set of characteristics
for a triode-connected KT66 tube. A pen-
tode tube connected as a triode will give

the load is 10,000Q. Increasing the plate
current by 1mA will cause the plate volt-
age to drop by 10V. Increasing plate cur-
rent by 2mA will cause the plate voltage
to drop by 20V, and so on. A straight line
drawn across the curve at an angle rep-
resenting 10V for each milliampere will
be a load line representing 10,000Q. If
you wish to put a load line of 4,000Q

characteristics similar
to this. Each of the

curves represents all the T
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ratings impose limits on what we can
“get out” of a given tube.

Maximum ratings do limit the perfor-
mance of voltage-amplifier tubes as well
as the power types, but usually it's much
easier to stay within the ratings of the
former. | have avoided mentioning it
because it might have been confusing
at that point. But for power tubes, the

some angle. The angle
of the line will depend
upon the value of resis-
tance used as a load for
the tube.

Suppose the value of
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FIGURE 1: Plate-current/plate-voltage characteristics
for triode-connected KT66 tube. Each curve represents
the variation of plate current with plate voltage when
the grid voltage is fixed at the value for which the
curve is labeled.

ratings assume a primary importance. 0 T “ g 1 ] FIGURE 2: The curves of Fig. 1,
When you come to consider the de- \ KT66( | with the maximum dissipation
sign of a complete amplifier, you will 140 7\\ Triode _connected curve drawn in_ (dotted). Two
tgke z_;\ll the§e points i.nto considera- . %/ ' 5g?§ébégé?ggr:én§(§lﬁgs esshg}/v;oo
- 3 A\ .

tion, _|r_1clud|ng the ratings of voltage ) 3\6 N1 R | on the plate and ~40 on the grid.
amplifier tubes. oo Ao 1/ # | -

< TN 1T ! Small c_onsétructlo? Ilnti:_s sht%W a

E [T Tk [/ / convenient way of getting the
TUBE CHARACTERISTICS 5% Nl | K&/ / LS correct angle for a specific load
There are several ways to go about de- g / i\ i / é/ 7 / value: for 4,000Q, 100mA on the
signing a power stage, depending to e L / current axis is aligned with
some extent on the information avail- 2 10 / / / / K‘%;—‘@f 41/4,\, 7 400V on the voltage axis. Any
able. The tube characteristics—as you Ay Vi EL/ / %( Sl Vaw, A values of voltages and current
have used for voltage amplifiers—pro- “ AV ~| Whose ratio corresponds with
vide the most informative approach, . 4 ’ ‘ LA _V i) the required impedance value

100 200 300 400 00 800 900

but other useful data is published

)

could be used as easily.

GLASS AUDIO 1/00 1



.., RN N ‘
o \ | [KT66 \ [KT66_] |
wl \ Triode_ connected o \ Trigde _connected

h :'/\\ ! L | /

120 A L 20 \

Yy, Lo « \

§.| [ ‘ f-noc |
5 [N gy N z 1INEIN
g / Ra /L 1/ L £ o E AN
S [ N SHIR/AV S S | /
; INANA/INEVINEY Sl L1 ~
g / AN AVYAY, g | ) AN

i AV AV v NS o SuE

TN AN YA Y e { NN

m / N AVINANI/ AV v a N/

/ // / /[,[/,/E ,{/\//\/!,i(i //} :

< zo/l/m/w‘o/ /so(oé/éloo/{oj'/elo ef|>0 oo L ?;:m % L LWLFI

FIGURE 3: Slight adjustment to the operating conditions
of Fig. 2 produces improved results, both in higher
power and decreased distortion (see text).

across the curves, make a change of 1ImA
corresponding with 4V, or 10mA with
40V, and so on. The slope of the line,
then, represents the resistance value of
the load.

This tells you how to set up the angle
of the load line. Now, how do you know
exactly where to draw it? That will be de-
termined by your operating conditions—
what steady-state plate voltage and cur-
rent you choose, and the DC grid voltage
that must be used as a bias to obtain this
working voltage and current. In a power-
output stage there are various limits from
which to choose.

First, you must not exceed the plate-
dissipation rating of the tube, otherwise
the plate will get too hot and the tube will
probably become gassy. Second, you
must not exceed the maximum plate volt-
age specified by the tube manufacturer.

These maximum ratings set a limit on
how much you can “push” the tube in
endeavoring to get more watts. We have
conflicting requirements: getting the
most output power, yet allowing the
tube a good safety margin to ensure long
tube life. But whether you wish to em-
phasize the safety aspect or to get as
much output power as possible, you
should operate the tube under condi-
tions that will show the cleanest output
for the type of tube used. This means
that distortion as well as power output
must be considered.

PLATE DISSIPATION

When using the tube curves, the first
thing to do is set up boundaries or limits
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within which you can draw a load line.
The manufacturer establishes a maxi-
mum dissipation rating for the tube. For
instance, the KT66 tube, whose triode-
connected characteristics are shown in
Fig. 1, has a maximum plate dissipation
rating of 25W. This boundary can be
plotted by determining various points
on the chart that represent 25W, and
then drawing a dotted line across the
characteristic curves.

For illustration, 500V at 50mA is one
pair of values that represents 25W; 625V
at 40mA, 400V at 62.5mA, 250V at 100mA,
and 1,000V at 25mA are some other val-
ues that can be used to plot the maxi-
mume-dissipation line (Fig. 2).

The other maximum limit specified for
triode tubes is the plate voltage. This is
specified in one of two ways: the real lim-
itation is the maximum positive excur-
sion, because the danger is that of
flashover from a high potential difference
between the plate and grid; but most cir-
cuit designers prefer to have a maximum
working-voltage figure, which is the
highest supply voltage that can be con-
nected to the plate circuit.

In any output stage the plate-supply
voltage is connected to the end or the
center tap of the output-transformer pri-
mary, the plate being connected to the
other end. In the quiescent or no-signal
condition the plate voltage is almost
equal to the supply voltage, being re-
duced only by the small DC drop in the
winding.

When the plate voltage changes be-
cause of an applied audio signal, the

FIGURE 4: Relative power output can be estimated as the
load line is changed: the solid-line triangle obviously has a
larger area than the dotted-line one, which means in-
creased power output.

fluctuations will go positive as well as
negative from this supply voltage. If the
figure given by the tube manufacturer for
any particular tube is the maximum
supply voltage, this should be limited to
the value stated. Then there is no need
to bother about the positive-excursion
limit because the specification given
takes care of this. Assume that 400V is
the maximum.

POWER OUTPUT

The next step in figuring out the optimal
position of a load line is to realize that
the grid-voltage excursions, positive and
negative, from the working point will be
equal. Thus, if the bias is chosen as
—-40V, and the maximum audio swing in
the positive direction is taken as being
up to zero grid volts, the corresponding
negative swing will be to the -80V char-
acteristic.

Assuming a grid bias of —40V as a start-
ing point, we put a ruler across the chart
so that it passes through the point where
the —40V bias curve crosses the 400V
plate-voltage line. Then the ruler can be
rocked about this point, and the way it
crosses the other curves examined. No-
tice how the linearity of the output
varies, represented by the evenness of
spacing of the bias curves between the 0
and -80V lines. If the load line is made
too steep, representing too low a load im-
pedance, the spacing between the grid-
voltage curves toward the 0 end of the
line will be wider than it is toward the
—-80V end. To achieve the lowest distor-
tion, which means maximum uniformity
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FIGURE 5: Plate-current/plate-voltage characteristics
for type 5881 tube working as a pentode, with 250V on
the screen. Numbers on the curves represent grid volt-

ages at which they were taken.

of spacing between curves along the load
line, the line must be more nearly hori-
zontal, representing a higher impedance.

You will find, though, when you come
to calculate the power, that this reduces
the available watts output. A better out-
put can be obtained by working nearer
the maximum dissipation curve. To keep
within the 400V maximum plate-voltage
requirement, this would require about
-38V bias. That, in turn, gives approxi-
mately 60mA steady-state current, and
the audio swing is now limited from 0 to
—76V on the grid (Fig. 3). Moving up in
this way has resulted in
two gains, compared with
the =40V point.

same plate voltages.

of grid voltage used, with the horizontal
and vertical lines making a right-angle tri-
angle (Fig. 4). The load line that gives the
triangle of greatest area will produce the
greatest power output.

Maximum power represented by a
load line, with a sinusoidal audio wave
form, can be calculated by subtracting
the lower plate voltage from the higher
value, and the lower current from the
higher value, then multiplying these
quantities together and dividing by
8,000 to get the answer in watts. In Fig. 3
the values are 580V and 160V, and 14mA

FIGURE 6: Characteristics similar to those of Fig. 5, but with
the screen voltage at 325. Notice the increased scales; the
raised screen voltage produces larger plate currents for

and 120mA. These represent changes of
420V and 106mA. Multiplying them and
dividing by 8,000 gives just over 5.5W,
which is about the power output this
tube will furnish working single-ended
asatriode.

DISTORTION

Now to check distortion. The maximum
positive excursion from the 400V mid-
point to the 580V maximum is 180V; the
negative excursion goes down to 160V,
which is a drop of 240V. For symmetry
the midpoint between 160 and 580V
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that a greater output
power will be available.
The only way to be sure
whether a change increas-
es available power or not is
to calculate it. It can be es-
timated roughly by gauging
the relative area of the tri-
angle formed by the load
line, between the extremes

FIGURE 7: Raising the screen voltage to the
limit of 400V. Most of the curves are now
above the specified maximum dissipation
curve because the tube is designed for push-
pull operation.

FIGURE 8: A pentode characteristic chart with

screen currents as well as plate currents plot-
ted. Solid-line curves are for plate current and
voltage. The dashed curves are for screen cur-
rent, the screen being fixed at a voltage of
250 for all these curves. Obviously, plate volt-
age affects screen current markedly. Maxi-

mum screen dissipation of 2W is a horizontal
straight line on the chart.
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FIGURE 9: How changing the value of
a load affects output when applied to
pentode curves. The 5,000Q line mani-
fests mostly second-harmonic distor-
tion, indicated by wider spacing to-
ward the top end, and closer spacing
toward the bottom. The 8,500Q line
manifests mostly third-harmonic dis-
tortion indicated by closing up of the
spacing toward both ends of the line.

should be (160 + 580)/2, or 370V. The ac-
tual 400V operating point is 30V from the
middle of the waveform. So the peak-to-
peak ratio of second-harmonic distortion
to the fundamental frequency, at 5.5W, is
30to 420, or about 7.1%.

Because it is second harmonic, howev-
er, it can be considerably reduced by
using a push-pull output arrangement.
This neutralizes second- and even-order
harmonics in a way | will explain subse-
quently. Push-pull operation also per-
mits the output to be more than doubled
by utilizing a greater length of the load
line for each tube during its negative ex-
cursion. I will explain this as well.

Notice that the load line you have
drawn cuts across the 25W dissipation
curve slightly. Is this permissible? The
operating point is on the edge of the
curve, and any plate excursions occur
equally on either side of the center op-
erating point. Therefore, at all signal lev-
els, the average dissipation throughout
a cycle will always be within the 25W
rating of the tube.

The important matter in dissipation
ratings of tubes is that the average dissi-
pation over the cycle must be within the
rated value. Practically all heated-cath-
ode tubes will take considerably more
than their maximum plate dissipation
for short intervals. This is the principle
exploited to an extreme in pulse-amplifi-
er technique; a tube may be operated up
to ten times its maximum average dissi-
pation during the pulse. So the load line
shown in Fig. 3 is quite legitimate.

Although the KT66 is not designed as a
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triode, it is fairly representative,
when so connected, of good tri-
ode tubes. This tube is not partic-
ularly efficient as a single-ended
output stage: you get only 5%2W
output with about 7% distortion,
for a plate dissipation of 25W. To
get 50W output at this rate, you
need a tube or tubes with plate
dissipation of 250W.

TETRODES AND PENTODES
It was the desire for bigger out-
puts at less power expenditure
that led to the development of
pentode and tetrode output
tubes. These have characteristics
similar to those shown in Fig. 5,
which are for the 5881 with a fixed
screen voltage of 250V. Figure 6
shows curves for the same tube
taken with a screen voltage of
325V, and the curves in Fig. 7 are
for the same tube with a screen
voltage of 400.

These sets of curves are all quite simi-
lar; you must look at the numbers to see
the differences. Notice that the plate
currents are successively higher as the
screen voltage is raised. A higher screen
voltage makes it possible to get a greater
output from the tube, because a larger
plate-current swing can be obtained
with the same plate-voltage swing. Lim-
itations to consider in selecting the op-
erating characteristics for a tetrode or
pentode tube are plate dissipation,
screen dissipation, and maximum oper-
ating voltages.

A curve for maximum plate dissipa-
tion can be drawn on these charts by the
method already shown for triodes; a dot-
ted line is drawn on each of the sets in
Figs. 5-7 to indicate the rated maximum
plate dissipation of 25W. Screen dissipa-
tion is not shown, but is limited to 6W
for this tube.

Sometimes screen current is indicat-
ed on the same diagram as the plate-
current curves (Fig. 8). These curves do
not help as much as you might expect,
and for this reason they are usually
omitted. The voltage applied to the
screen as these curves are plotted is con-
stant. It is the plate voltage that is varied
for different values of grid voltage, and
the screen is held to the same constant
voltage value for the whole family of
curves. The maximum screen dissipa-
tion is, accordingly, represented by a
horizontal line across the curves (Fig. 8).

As in the case of plate dissipation, the
screen dissipation condition is satisfied
provided the average dissipation

throughout the audio waveform cycle is
always kept within the specified limit. It
does not matter if one peak of the
screen-current waveform exceeds the
maximum dissipation momentarily.

This being the case, the more direct
method of determining that the screen
dissipation is kept within bounds is to
take the tube manufacturer’s recom-
mended operating voltage. If this is used,
the dissipation will not be exceeded. A
lower voltage may be used if desired,
with consequent economy in both
screen and plate dissipations.

In most pentode-type tubes, there is a
plate-voltage limit because of the high
impedance or plate resistance of the
tube. Too high a load impedance would
result in excessively high positive plate-
voltage swings, corresponding to nega-
tive grid swings, that might cause
flashover damage to the tube. The par-
ticular tube represented in Figs. 5-7 is
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FIGURE 11: Comparison between load
lines representing pure resistance
(straight line) and pure reactance (el-
lipse) of same magnitude and at the
same values of plate voltage and plate
current.

CURRENT

VOLTAGE

FIGURE 12: Comparison between load
lines representing pure resistance
(straight line) and combination of resis-
tance and reactance as impedance (el-
lipse) having the same magnitude and at
the same values of plate voltage and
current.



designed for push-pull operation, so the
dissipation in each tube only occupies
about half the time for a full-length
load line.

With the pentode-type tube, minimiz-
ing distortion is a little more difficult
than with the triode arrangement, be-
cause the triode tends to introduce pri-
marily second-harmonic distortion, indi-
cated by closing up of the intersections
between the load line and the different
grid-voltage curves toward one end and
opening them out at the other. In the
case of a pentode, use of a load line rep-
resenting too high a value results in clos-
ing up the points of intersection toward
both ends of the load line (Fig. 9).

If the tendency to close up is greater at
the top end of the line than at the bot-
tom, then there will be a combination of
third-harmonic and second-harmonic
distortion, the second harmonic being in
opposite phase to that produced by the
triode tube. Use of some lower value of
load will result in practically uniform
closing up at both ends, while a still
lower value causes more pronounced
closing up at the bottom end of the line.

When these results are analyzed in
terms of distortion versus load imped-
ance for the same amount of drive, the
result appears as in Fig. 10. Third-har-
monic distortion becomes progressively
less as the load value is reduced. Second-
harmonic distortion, on the other hand,
passes through a null point, at which the
closing-up effect at both ends of the load
line is balanced. In practice, minimum
overall distortion is achieved by using a
value of load slightly lower than that
which gives minimum second harmonic.

Determination of operating bias point
from the working plate current and plate
voltage, together with the amount of grid
swing necessary to give full output, is cal-
culated in just the same way as was de-
scribed for the triode tube. Choice of
load line for maximum output and mini-
mum distortion is assessed in much the
same way too.

IMPEDANCE LOADS
This way of using a load line, while very
convenient for making calculations,
overlooks one thing in the practical per-
formance of the amplifier. This is the
fact that the load line represents a pure
resistance load. Most amplifiers are used
to feed loudspeaker loads, which have
considerable reactance at various
frequencies.

The relation between voltage and cur-
rent in reactance, when plotted on graph
paper or presented on an oscilloscope

screen, is an ellipse. This means that the
load line applied to tube-characteristic
curves for a reactive load, or for a load
that is a combination of reactance and
resistance (an impedance) will be an el-
lipse, the horizontal and vertical dimen-
sions of which will be in a proportion
representing the impedance value.

If the reactance is pure—that is, with
no resistance included—the major and
minor axes of the ellipse will be horizon-
tal and vertical (Fig. 11). In practice, of
course, there is always some resistance
present, otherwise there would be no
power output. So the practical form of el-
lipse, representing impedance, is shown
in Fig. 12.

It may be possible to get a very nice,
large output and low distortion using a
straight load line, but is the uniformity of
the characteristic curves good enough to
allow the load line to spread out into an
ellipse? This will depend upon the type
of tube and the operating conditions
chosen. Triode and pentode tubes both
introduce distortion when reactance is
added, but under different conditions
and degrees as the combination of resis-
tance and reactance is varied.

These problems are the reasons push-
pull operation has become used almost
universally. | will detail this in a subse-
quent article. There are other special cir-
cuits, such as the ultralinear, unity cou-
pling, and several more, that | will also
discuss later. O
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