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Fig.1 (left): a basic example of a series regulator made with two

transistors and a zener diode.
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Fig.2 (right): a more complex example of a series regulator, which can be adjusted for a zero output voltage and has
improved regulation. It incorporates two constant-current sources (I1/12) which pass a fixed current regardless of voltage.

outputs each rated at up to 3A.

One of the most impressive as-
pects of this power supply is that its
specifications are still pretty good by
today’s standards, especially the line
and load regulation and ripple/noise
figures. And they achieved that almost
entirely with discrete parts, many of
which would be considered reason-
ably ho-hum these days.

As this power supply has a fairly
involved design, I'm going to start by
explaining some ofthe basic principles
of voltage regulation and then expand
my description to includes sections of
the actual power supply circuit.

BWD 216 versions

The 216 and 216A differ mainly in
how they generate the internal sup-
plies to power the differential ampli-
fiers. The 216 used voltage multipli-
ers from 6.3VAC windings to produce
the low-voltage comparator supplies
while the 216A uses additional, dedi-
cated 30VAC windings.

Series regulation

The 216A uses series regulation,
where a variable resistance “pass”
element between the mains-derived
DC source and the output terminals
controls the output voltage.

A negative feedback loop compares
the output voltage to the desired volt-
age and adjusts the resistance of the
pass element to maintain the desired
output voltage regardless of load vari-
ations or current draw.

Practical regulators also sense the
load current and increase the resist-
ance of the pass element if an exces-
sive amount of current is being drawn,
cutting off the current flow to protect
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both the load and the regulator from
gither overload or a short circuit at
the output.

By making the overload current lim-
itadjustable, and making the over-cur-
rent protection part of the linear nega-
tive feedback loop, the supply can also
be used as a constant-current source.

A basic series regulator can be
built with just three semiconductors,
as shown in Fig.1: a reference diode
(ZD1), pass transistor (Q2) and feed-
back transistor (Q1). Reference diode
ZD1 provides 6.2V at Q1’s emitter.
Q2’s base connects to a voltage divider
wired across the output.

Q1 will start conducting when its
base voltage reaches around 6.8V (ie,
0.8V above its fixed emitter voltage),
which due to the feedback divider of
R1 and R2, will happen when the out-
put voltage is around 10V.

If the output voltage rises above
10V, eg, due to a reduction in output
loading, this will mean that Q1’s base
voltage increases, increasing its col-
lector current.

As a result, the voltage at the base
of Q2 will drop. Since Q2 is a simple
emitter-follower, its emitter voltage
(the output voltage) will fall until the
circuit re-balances, with the output
voltage again around 10V.

Likewise, if the output voltage falls
(due to a heavier load), this will lower
Q1’s base voltage, causing it to conduct
less current and allowing the base volt-
age of Q2 to rise. Q2 will thus deliver
more current to the output and bring
its voltage back up to 10V.

Of course, such a simple design has
limitations, such as the fact that as Q1
and Q2 heat up and cool down, their
base-emitter voltages change and so
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the output voltage will drift. And the
output voltage can never be adjusted
below 6.8V or else Q1 will never turn
on. Butit serves as a useful demonstra-
tion of the basic principle.

An improved series regulator

The slightly more complex design
shown in Fig.2 allows adjustment
down to OV and provides improved
regulation.

This diagram includes two “current
sources”, [1 and 12. These represent
devices {(or sub-circuits) are able to
maintain a fixed current flow regard-
less of the voltage across the device.

Traditionally, Junction Field Effect
Transistors (JFET) were used in this
role with a zero gate bias. They are de-
pletion mode devices, so an increased
gate bias results in reduced channel
current. With zero bias, they tend to
act as a current source although the
exact current varies considerably from
device to device.

This means that JFETs used in this
role are typically manually selected
from a batch, based on the measured
current with zero bias.

By the way, you may have seen
“current regulation diodes” for sale.
These are JFETs which are batch-
selected to fall within a particular
current range. The gate terminal is
internally connected to the source
via a resistor, so it is not exposed, re-
sulting in a two-terminal device that
looks like a diode.

The pass element is still labelled
Q2. It needs a certain maximum base
current to give the maximum output
current. A resistor was used to supply
this in the simpler version (Fig.1) but
it will typically have a value less than
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Fig.3 (above): the internal power supply
produces the 11V, 0V and -6.2V rails used by the

250V and 400V regulator circuits.

Fig.4 (right): this 11V rail is used to produce a
4mA constant-current source which is varied
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from 0-400V using RV1, and is then fed to IC1B

(Q1-3), shown in Fig.5.

1k€Q. So the voltage gain of Q1 will be
low and regulation will be poor.

I1’s constant-current characteris-
tic gives it a very high impedance; in
theory, itis infinite, though obviously,
that is not possible in reality. So Q1’s
gain is maximised and regulation is
improved.

Rather than using a single transis-
tor for negative feedback, in this case,
we have two: Q1 and Q3, which form
a “long-tailed pair” differential am-
plifier.

The output voltage is fed back to the
base of 33, the inverting input, while
the reference voltage is applied to the
base of Q1, the non-inverting input.

This reference voltage is derived
from the unfiltered DC supply by ze-
ner diode ZD2, via resistor R2 and
bypassed by capacitor C3. It is then
varied using potentiometer VR1 to
provide a voltage between 0V and 10V
to the base of Q1, which indicates the
desired output voltage.

Because the reference and feedback
voltages are applied to two different
transistor bases now, the 0.6V base-
emitter offset is cancelled out and
thus temperature changes resulting in
varying base-emitter voltages will not
cause output drift.

That is assuming that Q1 and Q3
are kept at the same temperature but
their dissipation will be low and they
can be mounted in close proximity or
even thermally bonded, so that is not
difficult to arrange.

This also has the advantage that the
reference voltage can be varied using
adjustment pot VR1 right down to 0V;
and so the output voltage can go down
to OV as well.

96 SILICON CHIP

However, it then becomes neces-
sary to provide a negative voltage at
the emitters of Q1 and Q3 so that they
can remain in conduction with a zero
base voltage.

These emitters are connected to
the second constant-current source,
12, and current flows through it to a
negative supply which is regulated by
zener diode ZD1.

The negative supply is generated
by a separate rectifier/filter from the
transformer (D3 and C2); the bias cur-
rent for zener diode ZD1 is supphed
via resistor R1.

Using a current source (I2) to de-
fine the current from the emitters of
the long-tailed pair transistors also
ensures maximum performance of the
differential amplifier, giving a high
common-mode rejection ratio.

This means that gain (and thus, reg-
ulation) is the same for all base-to-base
voltage differences regardless of the
actual voltage with respect to ground,
ie, from maximum output to zero.

For more details on how this type
of regulator works, refer to the book
“Understanding DC Power Supplies
and Oscillators” by Barry Davis.

This basic design shown in Fig.2
was used in the first-generation pA/
LM723 regulator IC. Although it was
the device of choice for many pieces
of solid state equipment, it was limited
by being a low-voltage design.

Valves in the output stage
Discrete semiconductor devices had
limited voltage ratings at the time the
BWD 216A was designed and it would
have been impractical to design a
400V regulated supply using readily
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available semiconductors.

As a result, the 216A uses a combi-
nation of valve and solid-state com-
ponents, ie, it is a hybrid power sup-
ply. The valves are used as the pass
elements: four 6CA7/EL34s in the
0-400V section and a single 6CW5 in
the 0-250V section.

The control circuits use a combi-
nation of bipolar junction transistors
(B]Ts), junction field-effect transistors
(JFETs) and silicon integrated circuits
in the form of two CA 3054 general-pur-
pose dual differential amplifiers (one
for the 0-400V section and another for
the 0-250V).

Using thermionic valves as the out-
put devices has another advantage
which is that they can handle much
higher dissipation than a semicon-
ductor device without heatsinking,
since they are made from glass and
steel, rather than silicon which has
a much lower failure temperature.
And they are physically large and
therefore more effective at radiating
all that heat.

Using a valve pass element usually
demands that the control circuit can
drive the valve’s grid voltage from near
zero (for maximum output) to cutoff
(for minimum output). The triode-
connected 6CA7s require up to 90V
of negative grid bias for full cut-off.

BWD took the innovative approach
of referencing the control circuit posi-
tive supply to the regulated output,
thus effectively “floating” it with the
output voltage. This allows the con-
trol circuitry to work at low internal
voltages.

The 216A takes a different approach
to biasing as well. The control circuit
applies a fixed 11V bias to the 6CA7
grids, then uses paralleled transistors
to sink current from the valve cath-
odes. By controlling the equivalent
resistance of the cathode-circuit tran-
sistors, it controls the output voltage.

The transistors need a maximum
voltage rating of some 100V (to provide
the -90V bias described above) but it’s
still the 6CA7 valves that handle the
majority of the 600V DC unregulated
supply, dropping this to the required
output voltage.

OV output at the full rated 200mA
load current (the worst case for dissi-
pation) results in around 120W loss in
the pass circuitry. As four valves are
connected in parallel, each will dissi-
pate up to 30W, just within the 6CA7’s
specified dissipation limit of 33W.
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Fig.6 (above): the 0-400V 200mA regulator section of the BWD 216A power supply, reproduced from the service manual.
Fig.7 (below): the separate 0-250V 50mA regulator section of the power supply.
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