Last month, we concludad with
Tables 3 and 4 which wera the load
line calculations for the driver tran-
siators in the circuit of Fig. 1, a stiaight-
forward 25 watt amplifier.

The next step is to go to your data
book and draw the SOAR curves for
the BD139/140 trapsigtors. Having
done that, plat the load lines from
Tables 3 and 4 on to the same graphs.
When you have finished, you should
find that the curved load lines are
fully anctosed by the straight line SOAR
graphs. The complete piot was shown
in Fig.3 and shaws that BD138/140
driver transistors are indeed quite suit-
able for this application. For conven-
fence, we reprnducu Fig.3 in this ar-
ticle,

With this done, you have finished
salecting the output and driver tran-
sistors, Now we will mave onto calcu-
tating the heatsink requiremants of the
amptifier. This ia whers, if you made
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tha right choices for transistors, it all
comes togather,

Selecting the heatsink

The object of selacting n heatsink s
ta keep the transistor junction tem-
perature balow the maximum permis-
aible while stil] aliowing It to dissi-
pata tha required power. If the junc-
tion temperature rises above the speci-
fied maximum, the transistor will
probably fail. In any case, it makes
good senas to keep the transistar junc-
tion as cool as pessible. Every 10°C
lower spproximately doubles the tran-
sistor’s life,

When considering how a trensister
diasipates heat, it 13 useful to think of
Dhm's Law. The heat praduced by the
transistor chip is analogous to cur-
rent. The ectual temperature at ary
point is similar to voltage and thermal
resistance iz like electrical resistance.

Fig.4 is a simplified thermal model

of a single transistor mounted on a
heatzink. MNeotice that there 1= a resig-
tance betwean tha transigtor junction
and the trangistor caas (Rth j-c). Thju
is one resistance you can do nothi
about. The method of manufacture

the type of transistor case detarmine
Rih j-c The other thermal resistances
you do have some control over. Thess
include the cass to heataink (Rth ¢c-h}
and heatgink to ambient (Rth h-a} re-
sistances.

All the cumpnnents also possess
some thermal capacitance. When heat
is produged at the transistor junction,
the temperature does not rise imme-
diately but climbs maore slowly to the

- peak valus, The values of thermal

capacitance for the transistor chip,
case and washers are small when
compared to even a madest heataink
So for this reason, it is posaible to
ignore them without significantly af-
fecting the results, in most cases,

There is another thermal path that
you should be aware of, even though I
won't use it here. It is the keat flow
from the case to the surrounding air.
The apecification Is given as either
caze to ambient (Rth ¢-a) or junction
to amiyient {Rth j-a}. Either way, it acts
as a parallal resistance from the speci-
fisd point {junction or cass).

The net offect is to lower the total
thermal resistance to ambiant. Some-
times there is no value specified or
the valus is so large that it makeg little
difference to the final résults.

Calculating how to keep the tran-
sistor juncton at a safe temperaturs is
paziast by using tha 30AR curves/load
lings you have already platted. You
aleo nead to use the temparatura der-
ating curves on the date sheets or the
formula given later. .

At this point, there is no langer any

advantegs in considering the output
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Fig.3: repeated from last month, thase
curves show the load lines for the
driver transistors [plotted using the
data-shown in Tabies 3 & 4), As with
the qutput devices, the load lines must
be fully enclosed by the DC SOAR
cusva of the tranaistor.
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stage and driver stage separately.
Apply the following steps to both

stages.

Derated SOAR curves

On the load line graphs you have to
find how far the transistar SOAR Cloves
can be derated while fully enclosing
the load line,

Draw derated S0AR curves hy con-
structing new power limited and sec-
ondary breakdown limited lines par-
gllel to the original lines. The point
. where the “power limited" lina be-
comes secondary breakdown remeains

at the same voltage while the current
changes.

Make sure that part of the SOAR
curve Just touches the outside of the
transistor joad linea. Check that the
load lines are still fuily anclosed by
the new SOAR Curves. _

My new graphs are Fig.3 and Fig.8.
Power dissipation is the limiting fac-
tor for Fig.5 becauses the curved load
line touchas the npper sat of sloped
lines [which represent tha powar dis-
aipation limit), In Fig.8, secondery
breakdown is the limit because the
curved load line touches the lower aat
of sloped straight lines (which repre-
sont the SOAR-limited power dissipa-
tiom}.

Look at the power limited section
of the new 5DAR curves. At a conven-
ient print on the cuzves, calculate tha
maximum derated power dissipation.
Da this calculation even if secondasy
breakdown was the limiting factor
with your trangistor. Mata the figures
down. Mine are 84 watts for the out-
put transistors (Fig.5) and 5.5 watts
for the drivers (Fig.8).

Maximum case temperatura

If availahle, use the temperature
derating curve an the data sheet to

find the maximum permissibla casa.

temperature. Some data sheets have
the graph scaled directly in watts
while others may use a percentage of
the maxiroum power. :

The data sheat for the BD139 comes
with a temperature derating graph.
This graph gives a maximum case
temperaturs of 95°C,

Those data sheets without I:empara—
ture derating curves can use the fol-
lowing formula to calculate the maxi-
murn case temperaturs:

Tease max =
Tj max - P/Pmax x (Tj max - Tj min)

Tj max is the maximum tempera-
ture of the transistor junction. At Tj
max, the transistor's power handling
drops to zero. 200°C 1s the most com-
mon value for hermetically sealed
transistors (metal case) and 150°C for
mast non-hearmetic {plastic] types.

P is the derated power of the tran-
sistor from sbove. Pmax is the maxi-
mum power the transistor can dissi-
pate,

Ti min is the highest junction tem-
perature at which the trangistor can
dissipate Pmax. It is usually, but not
always, 25°C and i3 next tv Pmax on
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Fig.5: graph showing tha derated
SOAR curve for the output
transistors, This curve is derived
constructing new power Lmitsd &
secondary breakdown lines parallel
to the original lines, ml]utthqjmt
mnhthntrmuiﬂorlu:ﬂ
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8: graph showing the dersted
AR curva for the driver transistors.

Note that-secondary breakdown s the
limiting factor here, while power
dissipation is the Iin:utm; factor for
Fig.5.

the data sheet, For example, Tj min
for the 2N3055 is 25°C and for the
BD139, 7O°C,

Far the exampia of the output stage
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in my design, the following values are
derived from the data shest: Pmax
equals 115 waits; Tj max is 200°C; and
Tj min is 25°C.

P comes from the derated SOaR
curve above and in this example ig 84
watts,

Poking all the numbers into the for- -

mula gives:

Toase max = 200 - 847115 x (200 - 25)
=20+ 0.73x 175 = 72°(.

Now is as good a time as any lo
dacide what heatsinking configutation
to use.

Mathematically, the simplest ap-
proach is to mount each transistor on
its own heatsink. This has some prac-
tical advantages too. With the heat-
gsinks electrically isolated, the insulat-
ing washers are superflucua. The
lower thermal resistance (Rth ¢c-h) can
result in smaller heatsinks or greater
reliability. One problem (beside cost)
is the greater difficulty in praviding
tha bias current with thermal stebili-
sation.

A common heatsink

The most common approach is to
mount all the trangistors with insulat-
ing washers oo 4 common heatsink,

Checl: carafully to see if thers ara
any other possibilities that could re-
sult in significant benefits. One ex-
ample would be if you designed an
amplifier with anly the output tran-
sistors connected in common collec-
tor modde. Mounting these transistors
without insulating wesharg is passihle
with an electrically isolated heatsink.
This could lead to soms savings with
either the type of transistor uasd or
size of heatsink.

Fig.7 ig a simplified diagram of the
thermal paths far my amplifier. I've
used the commonest approach and
mounted everything on the one
heatsink and used insulating washers
on all the transistors, The values used
far Rth c-h are from Table 5 which is
collated fram a veriety of sources.

If you are using a transistor packege
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not listed in Table 5, make an ap-
proximation based on the mounting
area of gne of the listed packages.

Heatsink compound

Natice that the use of heatsink
compound reduces the thermal resis-
tance to one Afth, making it well worth
using.

There is one last formula to use
before the completing the amplifier

. Truthfully, there is a little more
than one but the reat are trivial.

You have to calculate the average
power dissipated in the trensistors
while driving the load. The formula
is: :

Pave diss = [(Voc - Vripple/2) x
Imax]/x - [Vmax load x Imax load x
cos8l/d

Subtracting half the ripple voltage
from Vcc gives & simple approxima-
tion for the average voltage supplied
to the transistors.

Usa the values associated with the
nominal load impedance for your
amplifier. The calculations for my
output stage are:

Pave diss = [(27 - 3/2) x 2.5)/x - [20x
2.5 x cos45°)f4 = 11.41 watts.

And for tha driver transistnrs:

Paye diss = [{27 - 3/2)x0.1258) /- [20
x 0,125 ¥ cos45°4 = 0,573 watts.

Thir 15 the average power dissipated
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Fig.7: simplified diagram showing all
the thermal paths for the amplifier
[note; driver & output transistors all
mounted on the same heatsink).

by the transistor when producing g
continuous full power sinewave into
the nominal load. As you would ex-
pect, thase values are quite a bit lowar
than the peak values calculated ear.
lier.

This is not the worst case figure

" which is obtained when the cutput is

shorted. Driving the amplifier into
clipping also preduces higher power
digsipation. Both of these conditions
are abnormal snd cen be protected
against bry the careful selaction of fuses
or electronic limiting. :

Mow comes the part that is a little
hit and miss, lke fitting !n the last
parts of & puzzle. Exactly haw you
procead depands an what you have to
Et into place. The objact is to find the
heatsink size that allows the trensis-
tor cases to stay below the maximum
temperatures calculated before. For
my axamnple, 1 have all the translstors
on one heatsink and I'll proceed as
follows.

Heoatsink size

First, find the maximum permis-
sible heatsink temperature for both
transistor stages. This 1s simply the
maxirmim [ransistor cass temperahre
minus the thermal resistance to the
heatsink times average power digsipa-
tion of the transistor.

Tmax heatsink = Tcase max - Rth c-h
% Pave diss

Remember that Pave diss is like
cwrrent in Qhro's Law. The heat dissi-
pated flows through a thermal resis-
tance and produces a temperature
gradient gerass it. Rth o.h comes from
Tahile 5. .

Far the output stage of my ampli-
fier, the formula bacomes:

Tmax heatsink = Trase max - Rth ¢-h
xPavadiss=72-0.33x11.41 =
&8.23°C,

Simflarly, for the driver stage,
the maximum heatsink temperature
would be 93.28°C, BEacguse in this case
all the transistors are mounted on tha
cne heatsink, 68.23°C has to be the
maximum allowable temperature,

The next step is to find the total
heat Aow into the heatsink. This is a
gimple addition of the pawer dissipa-
tion of all the transistors, For my ex-
ample, there is the power dissipated
by the two driver transistors plus the
powaer dissipation of the two output
transistors.



This gives a total of 23,97 watts
dissipation. Now maks an approxi-
mation of the maximum ambient temn-
perature inside the amplifler enclo-.
sure. 40°C 1s a commonly used figure.

Anothar item to consider is the uss
of a mounting bracket for the transis-
targ. The mounting bracket adds fur-
ther thermal resistance between the
transistor and the ambient tempera-
ture. In many cases, simply adding 5-
10°C to the ambient temperature deals
with the problem. But it ia batter to
use the tharmal resistance, if you know
it,

The final value of heatsink thermal
resistance 15 another simple applica-
tion of Chm's Law. You know the heat
flowing in, the temperature gradient
{maximum heatsink temperaturs -
ambient) and you nead to find the
thermal resistance.

Rth h-a = (Tmax heatsink -
T ambisnt}/Ptotal dissipation =
(65.23 - 40)/23.97 = 1.18°C, per watt

That's equivalent te just over
150mm of common fan type heataink,
Unless you nead a very sturdy ampli-
fier, such a large heatsink will almost
oaalrtaml' y make this design uneconom-
ical.

Smazller heatsinks

Fortunately, the situation of an
amplifier dellvering its full power on
sinewaves for more than a minute 1s
net common. Even the most deter-
mined crganist is unable to remove
every rest fraom a tune. Mugsic and PA
amplifiers produce peak power for
only a small percentage of the time,
This means you can use a smaller
heatsink than shown above because
the average power dissipetion af the

amplifier iz much less. The large ther-
ma! capacitance of the heataink will
smooth out any high pesks in tem-
peratura,

How much smaller can you maks
the heatsinks? There 2 two widely
used rules of thumh that can halp i
guide you.

The first rule of thumb says that
with the worst case signal (rock music
from ar. FM station), the average power
dissipation. equals 15% of the peak
output.

For my amplifier above, this would
mean the heatsink needs ta cope with
an average dissipation of 3.6 watts.
That works out to a thermal resistance
of 7.8°C per watt. A piece of alumin-
iwm a bit bigger than normally used as
a heatsink mounting bracket will suf-
fice, The amplifier case would alsa be
suitable. This size of heatsink makas
the amplifier suitahla for home uss or
anywhere it will be treated with some
respect.

- The ather rule of thumb is the peak
mugic power figure which says the
average power aquals the peak power
divided by 2v. This usage has nothing
to do with the shameless way some
manufacturers use peak music power
figuras ta boost sales. -

Thiz calculates to an average dissi-
pation of 10,6 watts, requiring a
beatsink with a thermal resistance of
2.7°C per watt. Any of the multipur-
pose 75mm-long heatsinks will work.
This ampunt of heatsinking gives an
amplifier suitable for most profes-
sional and semi-professional applica-
tions. '

The choice of a 75mm-long fan type
heatsink provides sn interasting de-
sign. Mounting the transistors through
the heatsink directly onto the PC board

gives a compact design that will fiy
inside a “ona unit high” rack mount-
ing box. The larger heatsink alsg
means that the amplifier will safely
handle quite a bit of sustained thrash-
ing. You beauty!

Fuse selection

Omne further step is the ssiection of
fuse protection, Fuses are not optional,
It is true that the cutput transistors
aftac blow before the fuse. Don't make
the mistake of saying “the trangistors
often protect the fuse by blawing Erst”.

Fuses go open circuit, transistors
normally go short circuit, If an output
transistor gaes ahart, the speakers are
connected directly to your power
supply. Without a 530-cent fuse, your
axpensive speakers can burn out,
Shouid a fire result, you could find
yourself being held liable for dam-
ages.

UFsa a normal fast fuss betwsen sach
supply rail and the output and driver
transistors. This placement Is prafer-
able to using cne fuse in-lina with the
speakers.

If you are uging a polyswitch or
MOSFETs {n the output, you may ds-
cide that it's QK to delate these fuses
but you will still need the fuse in line
with the mains as describad later.

For the output transistors, the fuse
value I3 selected empirically. A good
starting paint i3 to make the fuse equal
ta Imax load divided by 3,18,

This size fuse should allow the
amplifier to produces a continuous
sinewave output and allows a bit of
clipping during musie. Gross levels of
clipping should blow the Fuse.

Use a slow blow fuss in lina with
the mains supply. This provides pro-
tection if the pawee transformer, bridge
rectifier or a Rlter capacitor goes short.
Its value should be;

Fuse [slow blow) = Voo x (Imax load)
x0.71/240

For my amplifier, that comas out to
about 200mA. Remember to make al-
lowance for power drawn by other
parts of the circuit, For low power
amplifiers, it will be difficult to-find a
slow blow fuse near the value you
need. The smallest value you can find
will be OK. Int any event, tha slow
blow fuse should anly operate in re-
sponas to catasteophic failures,

That's it, finished. You should now
be able to design reliable output stages
for your amplifiers. Sogotoit.  SC€
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