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A Phase - Regulated Transistor Power Supply

Transistors have many attractive features for power supply regulator cir-
cuits, and may be used effectively in Class A regulator circuits in series and
shunt regulated supplies. Good regulation is obtainable and the low transistor
operating voltage and useful features of complementary transistor circuits are
particular advantages. However, the power handling capacity and high tempera-
ture performance of these power supplies are basically limited by the power-
temperature restrictions of Class A transistor operation. Further, the use of
physical heat sinks or forced air cooling to lessen these restrictions may sub-
stantially increase the size and weight of the associated equipment.

This bulletin describes the use of transistors in a constant-voltage phase-
regulated power supply.' This power supply, which has been implemented pre-
viously with thyratrons, theoretically entails no dissipation in the regulation
process.?'® The regulator transistors are operated as switches. Consequently,
transistor dissipation is very low and large amounts of power can be controlled
with small resultant transistor temperature rise, thus permitting substantial
improvement in power-supply capabilities and high temperature performance over

that of series or shunt regulated supplies.

A transistor switch circuit for use in this power supply is described, and
operating and performance details are discussed. An experimental 0 to 1 ampere
regulated power supply is described in which the average dissipation in the
regulator transistors is 150 milliwatts. At 1-ampere load the overall efficiency is
greater than 78 percent and with respect to the transistor switch circuits alone
is 95 percent.

Phase Regulation

The technique of phase control of thyratrons for
direct current regulation has been employed in a number
of industrial applications as well as in regulated d-c
supplies for laboratory and equipment use. This tech-
nique provides an efficient means for the control of
high d-c power and makes efficient use of the power
handling capabilities of the regulator elements through
their employment as switches. The basic principles of
power phase regulation are here summarized as intro-
ductory background for the discussion of transistors in
this application.

'This method of regulation has, at times, been termed
““Thyratron Regulation.”” The term ‘‘Phase Regulation”’
is employed as a more general definition to avoid any
ambiguity with respect to the type of device used.

A block diagram of a phase-regulated power supply
is shown in Fig. 1. Elements A and B are rectifying
switches which conduct altemately for one-half the
period of the a-c input signal. The phase of the con-
duction intervals of A and B with respect to the input
voltage can be adjusted over a 90 degree range. Using an
inductance input filter with a sufficiently large inductor
the current flow in each switch occurs approximately as
square waves and, with full-wave rectification, results
in a constant load current. By varying the conduction
phase of the switches, the magnitude of current flow may

*Prince and Vodges, MERCURY ARC RECTIFIERS AND
CIRCUITS, McGraw-Hill Publishing Company, 1927.

7. H. Bumett, “Thyratron Grid Circuit Design’’, Electronics,
March 1951, p. 106.
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be varied from 0 to the value determined by normal full-
wave rectification. Voltage regulation is obtained by
sampling the output voltage and deriving a suitable
feedback signal to properly control the conduction phase
of the switches to compensate for variation in input
voltage and load current.

A

CONTROL

AC.
INPUT

B

Fig. 1 - Phase regulated power supply.

The variation in direct current by phase control
of the switches is illustrated in the circuit waveforms
of Fig. 2 using an abbreviated diagram of the power
supply. The voltage at the input to the filter, v;, and
the current in switch A, iy (idealized as square waves)
are shown for different switch conduction phases, 0.
The solid lines in the voltage waveforms define the
conduction time of switch A. Its conduction is terminated
when switch B turns ON and the filter voltage shown by
the dashed lines is determined by conduction of switch B.
v, is the instantaneous transformer secondary voltage
applied to switch A.
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Fig. 2 - Phase control action.

For waveforms A, 6~ = 0, the switches conduct
in phase with the positive half cycle of the input volt-
age. The operation of the switches is that of a full-
wave rectifier, and the d-c load current is maximum;

equal approximately to (2\/2_VA )/(nRL) where V,
is the rms input voltage. ms

ms

The waveforms in B show switch condition de-
layed 60 degrees in the positive half cycle of input
voltage. The filter input voltage becomes negative
during the last 30 degrees of the switch conduction
period. During this time, the filter inductor, L, effec-
tively supplies energy back to the a-c line and the total
average energy storage in L is decreased. Consequent-
ly, the current conducted by each switch is decreased,
and for this particular case is one-half of its maximum

value.

The waveforms in C are for the case, § = 90 degrees.
Here, the filter voltage has equal positive and negative
segments, resulting in zero average energy storage in
Lg. The load voltage and current are zero.

The general relationship between d-c output volt-
age V; and switch conduction phase for continuous
current flow in the filter inductor is given by:

_ 22V, e R

L
T RL+RS

cos 6. 1)

where RS includes the series resistance, of the switch,
transformer, and filter inductor.

The switches in this power supply function as
variable phase rectifiers. The filter performs as an a-c
to d-c voltage converter which averages the positive and
negative segments of input voltage transferred by the
switches. The filter inductor also serves to maintain a
forward voltage drop across the conducting switch
during the negative excursion of input voltage.

The relationship between load voltage and switch
conduction phase is obtained by simply transposing
these variables in Eq. (1).

R +R nV
" S
t9c=cosl LR VL (2)
L WV

In design of a phase regulated supply, the value of
0c is chosen to provide sufficient range for anticipated
load and input voltage variation.

Note that the regulation does not provide filtering
as in the case of a series regulated power supply. The
output ripple voltage is determined solely by the amount
of filtering used. The output impedance of the power
supply is controlled below the fundamental frequency of
the input voltage by the regulation process and at higher
frequencies is determined by the filter output capacitor.
The cutoff characteristic of the filter is the primary
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consideration in control loop feedback stability. Hence,
the effective frequency range for regulator action is
determined by the degree of filtering.

The
supply are determined primarily by the efficiency and
limits of the switch elements.? Transistors are

power-handling capabilities of the power

power
well suited for this use because of their efficient switch
properties and high current capabilities. For a specified
output power, transistor dissipation and resultant tempera-
ture rise are substantially less than that incurred in
Class A regulator circuits. An important result of this is
that considerable improvement may be obtained in high
temperature transistor supply performance.

Transistor Switch Circuit

There are several methods for implementing the
switch circuits in the phase regulated power supply. One
approach is to use amplifiers which are driven between
OFF and ON conditions by suitable control circuitry. A
more suitable technique, however, is the use of bistable
circuits in thyratron fashion. This simplifies the control
circuit mechanization, decreases switch drive require-

ments, and allows better decoupling between switch
circuits.
T
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Fig. 3 - Transistor switch circuit.

A transistor circuit for the switch element in phase-
regulated power supplies is shown in Fig. 3. This circuit
is the basic complementary bistable configuration with
regenerative current feedback provided by resistor R
shunting the base-emitter junction of T,. Its operation is
similar to that of a thyratron.

*The filter performance at high currents may also be a
major consideration.

The circuit is OFF, as shown in Fig. 3A, when the
control voltage is more positive than the input voltage,
v,. This establishes an emitter-base cutoff bias on T,
which prevents forward current flow. Diode D is required
to prevent reverse conduction when the filter voltage,

U, is more positive than y.

The transistor cutoff currents, including the reverse
emitter and collector currents of T, and the collector
current of T,, are supplied from the control circuit. The
collector current of T,, when Ve is more positive than
Ug, is the transistor I slightly amplified by self-bias
action from the base emitter resistor, R. When V, <
Ve <« Vg the total collector current of both T, and T,
is limited to the reverse current of diode D.

The circuit turns ON as shown in Fig. 3B when
v, becomes more positive than v.. T, is then forward
biased and its collector current, IP’ produces voltage,
Vi
T,. T, then conducts and increases the base current of
T, which in turn increases the bias for T,. This action
is regenerative and culminates in the condition where
both T, and T, are in a saturation ON condition. T, then
effectively shorts the base of T, to the output. Any
change in collector current of T, adjusts the ON bias for
T, to allow for the corresponding required change of T,
base current. This
circuit ON stability with switch current variation. The
circuit remains stable in the ON condition until vg is
made more positive than v4. The subsequent current
reversal produces a cutoff bias on T, which causes the

across resistor R which forward biases transistor,

lock-in action provides inherent

circuit to regenerate to its OFF condition.

Circuit Requirements

The OFF condition of the circuit is controlled
solely by the emitter-base bias of T, as determined by
the control and input voltages. As long as v, is more
positive than v,, the circuit is unconditionally OFF. The
value of the control voltage however is influenced by the
voltage drop produced in the control source by the switch
cutoff current. This becomes an important consideration
at high temperatures and is discussed in the section on
temperature effects.

The stability of the circuit in the ON state is
determined by the complementary bias conditions nec-
essary to maintain T; and T, in a saturated ON condition.
To maintain T; ON, the collector current of T,, I, must
exceed the minimum required base current of T, or:

> b (3)
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where B, is the d-c base-to-collector current amplifi-
cation factor of T,.

The total load current, I , is equal to Jp * Iy and
since [y << Ip, the ON requirement for 7T, may be ex-

pressed approximately as:

by 2L @
N B
1
A portion of the base current of T, IO in Fig. 3B,
will also flow in the control circuit. The magnitude of
I depends upon the coupling between the control and
switch circuits and varies as the magnitude and polarity
of input voltage. When v, is more positive than v, this
current aids the ON switch bias. However, with vy
current is supplied from the control
If this
reverse control current is significant, allowance must be
made for it in the ON bias of T,.

negative to .,
source and adds to the collector current of T,.

T, is biased ON by the base-emitter voltage, Vp,
developed across resistor R. R is made small to limit
power loss and the total switch resistance. Consequently,
T, may be considered as voltage biased and V, is
given closely by:

The ON condition of T, is then determined on the
basis of its d-c transconductance, factor, GMz’ and
neglecting the reverse control current is expressed as:

I
Voz B (6)
G
M2

Allowance for the reverse control current is made by its
addition to Iy in this expression.

Combining expressions (4), (5), and (6), the value
of R to insure circuit ON stability is:

R>_1 7)

B, Gy,

For relatively constant current operation, R is
determined by the appropriate values of B, and G, ,
with allowance for their variation over the specified
current range. For wide current operation the value of R
depends primarily on Gy, at the minimum operation
current. At very low currents, a relatively large value of
R may be required. This increases the total switch
series resistance and, at high switch currents, may
result in considerable power dissipation. An alternative
bias method for T,

ddode bias shown in the switch circuit in Fig. 4. The

for wide current operation is the

relatively constant voltage forward characteristic of

]

SWITCH
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Fig. 4 - Power supply wave forms

diode, Dp, maintains sufficient voltage bias for T, at
low currents, thereby allowing a small value of R for
satisfactory high current operation. If the diode charac-
teristic properly matches the saturation input charac-
teristic of T,, R may be eliminated entirely. A conse-
quence of diode bias is that the cutoff current of T, may
increase substantially from the greater self bias action.
Resistor, R, shunting the diode, may be utilized to
decrease this effect.

Power Supply Operation

The operation of the transistor switch circuit in a
phase regulated power supply is illustrated in Fig. 4.
Switch conduction is controlled by a variable d-c volt-
age, V , added to a constant a-c voltage, v.., which is
in phase with the input voltage. The switch conduction
phase in terms of the circuit voltages is given by:

0(__ = sin|—2° (8)
Va-Vr

where V, and V. are peak amplitudes of the a-c input
control signals respectively. The control sensitivity of
the switch conduction phase depends both upon the
change of V, and the amplitude of V.. By making V.
large, a wide variation in 6. is obtained with a rela-
tively small change in V . The definition of the time of
becomes low for large
values of - where the slopes of vy and v, become
equal. A minimum switch current may be specified on
this basis for a required control precision. Improved
timing definition may also be obtained by phase shifting

switch conduction, however,

vr with respect to v, although this decreases the
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control sensitivity of V_ and imposes the problem of
suitable phase shift action with widely varying loads.
The resistor Ry provides decoupling between switch and
control circuitry during the switch conduction period.

The different operating conditions of the switch
circuit are outlined in the circuit waveforms in Fig. 4.

In region I, the circuit is cut off with V + vy > v,.
The filter voltage is negative as determined by the
conduction of switch B. The maximum reverse voltage is
impressed across the transistors just prior to the time of
switch conduction and is greatest for §. = 90°. The
transistor voltage limits specify for this condition the
maximum permissible input voltage. This consequently
sets the maximum load current (at Oc = 0°) for a given
power supply voltage. At point 1, the circuit turns ON as
v, exceeds V) + vp

In region II, the circuit is conducting with V_ +
vr < v4. This is the normal switch ON condition as
described previously.

In region III, the circuit is conducting with vV, +
vp > vy During this time, a reverse control current
flows to the switch and adds to the current conducted by
T,. The magnitude of reverse current depends on the
value of R,, and is greatest just prior to the time the
circuit is turned OFF.

At point 2, the circuit switches to cutoff as the
altemate switch is turned ON. In the commutating action,
both switches turn OFF and turn ON nearly in synchro-
nism. This results in a smooth transition of load current
between switches. Typical switching times at 1 ampere
are 5 to 10 microseconds using transistors having 500-kc
cutoff frequencies.

In region IV, the circuit is cutoff with the filter
input voltage positive with respect to the switch input
and control voltages. The reverse switch current is then
determined by diode D, and the voltage across T, and
the collector junction of T, is small. The emitter junction
of T,, however, must withstand the difference between
the maximum values of input and control voltages.

Temperature Effects

Two temperature effects are important in the switch
operation. These are ON state stability at low tempera-
ture and variation in € due to increase in transistor
cutoff currents at high temperatures.

The circuit stability in- the ON condition is de-
termined by the B of transistor T; and the G,; of transistor
T, Both gain factors decrease at low temperatures;
consequently, their minimum values at the lowest oper-

ating temperature determine the circuit design for ON
stability. The decrease in base-emitter d-c conductance
of T, at low temperatures necessitates a proportional
increase in its ON bias voltage. Using resistance bias,
this will further increase the switch resistance and the
power loss at high switch currents. With diode bias,
however, the temperature variation of the diode d-c

conductance compensates that of the transistor.

At any temperature, the cutoff currents of the
switch transistors and of diode D will produce a voltage
across the control circuit coupling resistor, Rg. In
operating region I, this voltage adds with the control
angle, Oc- As
in switch cutoff

voltage in determing the conduction

temperature is raised, the increase
current will decrease the control voltage at the switch

and thereby decrease the conduction phase.

In this case, . is given by:

9

where R;B includes R, and the d-c resistance of the
control circuit. The maximum value of §-, and therefore
the minimum regulated load current in power supply

operation, is limited to:

Tr R}
_R™B (10)

Cmax=5in-l be——
Va = Vg
where 7; is the switch cutoff current at the highest
operating temperature.

The amount of d-c coupling between switch and
control circuit is a compromise between minimizing the
cutoff current variation of 6. and limiting the control
circuit current during switch conduction. The output
resistance of the control circuit together with the value
of Ry also determines the amount of decoupling between
switch circuits. Because of the mutual coupling by the
control circuit impedance, any unbalance in switch
cutoff currents particularly at high temperatures will
result in unsymmetrical switch operation.

Developmental Power Supply

A developmental phase regulated power supply
which was constructed to evaluate the performance of
the transistor switch circuits is shown in Fig. 5. The
feedback circuit is a conventional transistor d-c ampli-
fier with a voltage gain of approximately 50. The IN91
diodes are used to compensate for temperature variation
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in the operating point of the input stage. Control isolatior:
between the switch circuits is provided by the 470-ohm
resistors.

A 5 2H-100 MA

FVW OlH-1AMP
2N30I ING36 DC RES-IN
AN »i P9 TIO ¢ =
IN436 | LF
470 IN9I
EXPERIMENTAL §47o
NPN TRANSISTOR
IN9I
22K
110 VOLTS AAN
60 CYCLES
® Rg 500
T2 904
(},\'ﬁfv 120004 L
20
Dg D v
»l Bl
A\ Ll T
T
IN429 'y 100
B Rg Vz=45V
DC AMPLIFIER

Fig. 5 - Developmental power supply.

For an output voltage of 12 volts, the following
performance was obtained.

Regulation 0.4% 0 to 1.2 amp., load current
1% 85 to 145 volts, input voltage

Ripple .

Voltage 16 millivolts 1 amp.

Overall 78%

i 1 amp.
Efficiency

Phase control of the switch circuits is obtained
from 5 degrees to approximately 80 degrees. The lower
limit is set principally by the minimum output voltage
of . the d-c amplifier. The upper limit is established by
the minimum switch current for stable ON circuit opera-
tion. The d-c amplifier and the 500-ohm sampling network
provide the necessary bleeder for this minimum switch
current.

The maximum load current of 1.2 amperes was
imposed solely by the limit on the a-c input voltage due
to the breakdown voltage of the particular transistors
used in the switch circuits. It may be increased using
higher voltage transistors and may be considerably
larger if the minimum load current (condition of maximum
reverse switch voltage) is increased. The load ripple
voltage is determined by the filter elements. Good filter-
ing is required to prevent overdriving of the feedback

®Because the dissipation in the transistor circuits is only

a function of load current the power supply efficiency
depends on the output voltage, and may be much greater
than the figure quoted with higher voltage operation.
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Fig. 6 - Developmental 12-volt 0-1 amp. regulated power supply.

amplifier by the ripple signal. This is a major considera-
tion in specifying the gain of the amplifier and hence
the voltage regulation.

At l-ampere load current the average dissipation
in the p-n-p switch transistors is approximately 150
milliwatts, only 2 percent of the output power. The
overall power supply efficiency at 1 ampere is greater
than 78 percent.® A series regulated supply with com-
parable performance would entail a dissipation of perhaps
6 watts in the regulator transistor(s) with an overall
efficiency of less than 50 percent. The high efficiency
of the phase-regulated supply also reflects in a large
reduction in transformer size.

Elevated temperature tests were made on the power
supply at an output voltage of 8 volts. The operation
was limited at 55 degrees C for 1 ampere load current
due to phase modulation by the switch circuit cutoff
currents. ® Voltage regulation at each temperature in
this range was relatively constant at 0.5 percent; however,
a 2 percent overall shift resulted from d-c amplifier
drift.

A photograph of the power supply is shown in
Fig. 6. The switch circuits and d-c amplifier are mounted
on detachable modules. The filter elements are mounted
inside the chassis.

®This restriction resulted only from the relatively high
cutoff currents in the power transistors used. Low-power
transistors (50 mw) having small cutoff currents provided
satisfactory power supply operation above 75 degrees C
at 300 ma load current.
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