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A METHOD FOR REGULATING 
ALTERNATING AND DIRECT VOLTAGES 

INTRO DUCT ION 

Voltage reuIation Is required enera11v for two 

reasons: 

1. Elimination of variations in input level, due to 

voltage fluctuations of power supply line. 

2. Elimination of variations in output level, due to 

variations in the load (2, . 23). 

To provide non-fluctuating voltage many electronic 

circuits have been designed using vacuum tubes or tran- 

aistors in conjunction with sorno source of constant refer- 

ence voltage. The inherent amplification of such a regu- 

lating circuit lies in the fact that, generally speaking, 

a small amount of power is being used in order to control 

large amounts of power i the output circuit. 

This thesis, dealing with circuits to smooth out vari- 

ations in alternating line supply voltages, can be consid- 
ered as the design of a special typo of regulating circuit. 

Here the problem is to eliminate root-mean-square (rms) 

voltage variations while paying no particular attentio to 

variations in anplitudo of the sine wave voltage provided 

by the alternating current power line. In the process, a 

new voltage waveform having a value of 117 volts rms is 

obtained. The rms value is essentiaLly constant for vari- 

ations in the input voltage between 104 and 130 volts rms 

(approximately ll%). 
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Features of the proposed rms voltage regulated supply 

include: 

1. HIgh power handling capacity, up to 1200 watts. 

2. Modeiate power consumption about 200 watts. 

3. Completely transistorized circuit, except for the 

sensing device. 

4. ApproxImately 3.l voltage regulation for -ll 

change in the Input voltage. 

5, Independence from input frequency (operation not 

restricted to 60 cps). 

On the other hand, the regulating circuit has appli- 

cìtions in devices not especially concerned with the volt- 

age waveform furnished to them such as filament supplies, 

direct-current (dc) power supplies, and oscilloscopes. 

REGULATOR DESIGN 

fhile doing summer work at Tektronix, Inc., the writer 
was asked to develop a primary regulator for an oscilloscope 
under dosign. This regulator had to provide an output volt- 
age of 117 volts ms for +10% varIations in the input 
line voltage. The power requirements for this particular 

oscilloscope were in excess of 600 watts, with current capa- 

bilities up to 10 amperes maximum. Output waveform was of 

no particular interest, as long as the regulation of the 

direct-current power supply of the oscilloscope was not 

adversely affected. 



3 

General Considerations 

henever voltage regulation is mentioned, the word 

direct (voltage regulation) is usuallr understood. The 

majority of apure" electronic circuits used in controllin 
variations in voltae caused by the line supply cr output 

load, are usually associated with direct-current power 

supplies. Automatic volume control is one of the very few 

counterparts of the various electronic direct-current regu- 

latin( circuits which are in present uso, Even with the 

present popu1arit of various semiconductor devices, in- 

oluding regular diodos, transistors, reference or break- 
down ìiodes, no special effort has been made in the field 
of alterLating-voltage reguiatio . for high iower (500 

watts or more) application. Saturable reactors seem to 
satisfT most needs although they are rather bulky, expen- 

sive, and far from being perfect. 

The circuit for a typical direct voltage regulator in 

its simplest form can be represented as shown in 1igure 1. 

In this figure R represents the combination of source 

internal impedance as well as of some ballast impedance 

whose value depends on various factors. Some of these are 

variations in Input voltage V, variations in load rosis- 
tance RL, and power capabilities of the device used to pro- 
vide the essentially constant reference voltage. The latter 
is usually a voltage regulator tube or, more recently, a 
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breakdown (zoner) diode which is far superior to its 

gas-type counterpart. 

A breakdown diode is a reverse biase9 p-n junction 

which conducts heavily in its forward direction. When 

reverse biased (typical operation), it offers a largo 

impedance to electric current flow up to a certain value 

of voltae, at which (due to an avalanche breakdown at the 

junction) the diode starts sating as a very low i:pedance, 

while keeping an essentially constant value Of voltage 

across its junction. This value is approximately the 
nominal voltage of' the breakdown diode. 

Referring to the circuit of Figure 2, it can be seen 

that the input voltage V has to he larger than the value 

of the ìeference voltage, in order to obtain voltage regu- 

lation. If at first an increase in V i assumed while 

keeping RL constant, the reference device starts exhibiting 
an apparent decreasIng direct-current resistance in shunt 
with 1L thus tending to keep the output voltage constant, 
depending on the V-I characteristics of the regulator tube 
or breakdown diado used, Lumped resistance R is used as 

a ballast, limiting the value of current the reference 
device draws while V irtcroases. If, on the other hand, 

stays constant while L varios, the reference element 

makes a constant current source out of the combination of 
the direct-voltage supply V1 arid R3. Thus, the end result 
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in both cases is an essentially constant direct voltage 

across du to the presence of the reference device. 

If in the circuit of Figure 1, the reference device is 

replaced by two breakdown diodes having the same nominal 

voltate but connected so that they oppose each other, it is 

possible to rotlace the direct voltage supply with an al- 

ternating voltage supply, thus obtaining the "hybrid*" reg- 

ulating circuit of Figure 2 (1, p. 44). In this circuit, 

during the positive cycle, one of the diodes being forward 

biased exhibits very little impedance while the other is 

essentially an open circuit up to its breakdown voltage. 

Assuming that the alternating current supply can provide a 

sinusoidal voltage across R whose peak value is larger 

than the nominal diode voltage, there will corne a turo when 

the originall'i open-circuited diode breaks down exhibiting 

low impedance while keeping constant the value of voltage 

across it. This will continue as long as the instantaneous 

value of the alternating voltage is larger, or at least 

equal to, the diode breakdown voltage. For the balance of 

the positive cycle the reverse-biased diode will go Into 

the non-conducting stage again. During the negative half- 

- cycle of voltage "roles" will be reversed between the 

* r2he wo "hybrid" will he used throughout this thesis I .. n 
relation with the proposed regulator, which although 
basically an alternating voltage regulator it exhibits 
features as wall as properties common to both alternating 
and direct voltage stabilization. 
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back-to-back" diodes, thus causing a voltage waveftr 
across 1L similar in shape to the one exhibited during the 
positive half-cycle although opposite Ir. sign as expected. 
In other words, the voltage developed across RL, or across 
any load impedance for that matter, is far from being, 

sinusoidal but not very far from being regulated, strange 

as it may seem at first. 

R1S Valuo Regulation of an Amplitude Limited Sine Wave 

To explain the reasons for the existence of elemen- 

tary regulation in the voltage across the load ZL of the 
circuit of Figure 2, it is necessary to treat the matter 
from the mathematical point of view. 

Figure 3 shows the effect of amplitude limiting on 

a sinusoidal waveform y (9) 4 V sin 9. The now wave- 

form y!(9) thus obtained is obviously identical to the 
original one except for the intervals 9L 

and 9L) - (21îGL) whore v'(9)( V sin 9L 

and v'(@)- V sin QLVL respectively. 
The limiting voltage VL does not necessarily have 

to be constant, although for the time being it will be 

assumed as such. On the other hand, the amplitude of 

v(Q) will be assumed to vary over a certain interval of 
values 'J2 V1 Z4 V Í-' V2 while all other characteristics 

of the waveform remain constant. 
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1hen dealing with periodic waveforms, the term given 

by the relation 

t1+T - 
Vrr.s [y(t2 aj (1) 

j_s defined as the root-mean-square (rm) value for a par- 

ticular waveform V(t) having; period T In ari effort to 

evaluate the change of the sinusoidal waveforrt v() with 

varation n its amplitude, its rms value will be used as 

the sole Qriterion for s. variety of reasons, the most im- 

portant of which is the fact that most electrical instru- 

ments measure the rrris values of voltage or current wave- 

forms. 

It can be easily shown that the rms value of a wave- 

form y A sin x is 

* A 
rina - - (2) 

On the other hand an amplitude limited sine waveform is 

not encountered very often, thus requiring a few mathe- 

matical manipulations to arrive to a similar expressIon. 

Using equation (1) 

V'ma J(OLr 
sin @)2 
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v2[QL sin 
: 

_[v2GL_ 8ifl29L) (3-c) 

= V[L- sin 2L 2 

cos sin 29L] (3o) 

Expression (3-e) is important because it gives the 

variation in the rms voltage with variations in Vi as 

long as 9L or V arc known. As previously stated VL 

be considered to time being 

9L on the other hand will depend on the nplitude of the 

sine wave used every time given by the expression 

Qj sin !. j (4) 

Eeturning to the electrical concept of the subject, 

a reference waveform 

v(Q) = l-' n sin Q (5) 

ill be used from now on. The angle QT will be assumed --. 

to beU referred to (5), thus giving for Vj a value of 

143.4 volts, while the amplitude of the reference waveform 

will be allowed to vary between ( 104 and 1 130 volts. 
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effective values of output voltage obtained
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Fiure 5 could very weil reprEsent a plot of the rms 

value of Ve-, versus the rrrs value of V1 in Figure 2 for a 

range of values of Vi between 104 and. 130 volts rms For 

comparison a second curve represerbing the ?hon_regulated 

V0 versus V is also shown.. It Is not difficult to deduce 

from it, the advantages of this crude' form of rms voltage 
regilat ion. 

For low values of input voltage, especially when the 

maximum value of V1 is approximately equal or smaller than 

the limiting voltage VL' very little or no regulation is 
exhibited. This is because a very small, or essentially no 

portion of the original input waveform is removed in an 

effort to keep the rising rms value of V0 down. As the 
peak value of V1 keeps increasing, a larger portion of its 

crest Is being removed while the mis value of V< increases 

very slowly due to the effect caused by the lateral increase 

in area under the curve of (V1)2, Figure 4. 

ís the effective value of V1 increases past the upper 

limit of 130 volts ms, there is a trend already established 

towards an eventual saturation of the curve of V0 versus 

VI, This will happen when the peak input value of V1 is 

much larger than V, thus making negligible any increase 

iji area under the curves of the input sine waveform squared 

as shown in Figure 4. 

To further appreciate the circuit of Figure 2, it can 

be mentioned that with it an increase of 150-104 26 volts 
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rrns across Its Input is translated into an Increase of on1 

115-104 = li volts t'ms across its output. :f:xpressing this 
in a percentage form a +11% devIation in input voltage 

froìn its reference value of 117 volts rms caused approx- 

imately a little more than f5L devi&tion from the corre- 
spend Ing value of' output voltage, while using the hybrid 

regulator. 

Regulation and Limitingg1e 

From the previous discussion it is suggested that as 

the peak value of the input voltage increased, the effects 
of limiting or the voltage regulation become more and more 

pronounced. Accordingly, by lowering V it should be ex- 

pected to improve regulation considerably. Figure 7 shows 

the variation of percentage voltage regulation with changes 

in reference limiting angle. 
vo at V 130 volts - V0 at V : 1Q4 volts 

% regult1on -- - 
vo at V1 117 volts 

For Ideal regulation this factor should be zero, while 

in practice a value of 2% could be acceptable depending on 

the various design requirements. Figure 6 is Intended to 
discourage any attempts to reduce appreciably the reference 
limiting angle in an effort to improve reguIation it 
shows the varIation of power efficiency of the hybrid reg- 
ulster with, respect to for three different values of 

Input voltage V1 104, 117, 130 volts rms 
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Power efficiency = 
Output power without regulator 

s with re u1ap r12 
LVirìns (sine wave) J 

The last relation holds true for constant resistive 
loads. Power efficiency tends to decrease with 

1. Increasing input voltage V1, 

2. Decreasing reference limiting angle G 

Both of those, increase the portion removed from the 

input sine wavefor , b letting the regulating device 

dissipate power which otherwise would have been supplied 

to the load. 

In a similar situation, the designer bu to uae bis 
own judgment in an effort to compromise between regulation 

and efficiency. A regulating scheme of the type discussed 

previously, is not intended to represent a high quality 

electronic device. It is intended for purposes, where a 

maximun rms voltage regulati of about 78% (but not less 
than 5%) can be considered as satisfactory. 

This range of percentage regulation was chosen on the 

basis of most favorable values for power efficiency of the 
regulator, and it is not intended to be used in any and 

every situation. 

The previous evaluation of the simple hybrid type reg- 
ulator was limited to alternating voltages only. On the 

other hand it can be used more effectively to supply 
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dequate1y rgu1ted alternatin;:-current powcr to be used 

fov rectification purpoRos. Th wveÍorm provided by thie 

regulator h the 9dvantae of being of a constant v1ue 

for a considerable portion of each cyci of alternating 
voltage. This ja true regartiloss of amplitude variations 
in the input s1ri waveform, as long aa the lirriting level 
is adequately deai ned. Phis reature helps reduce appr- 
ciably the zipple content or the output diret voltage 
waveform, because the filter capacitors have the oppor- 
tunity to stay charged for longer periods of time. Thia 
of course should improve direct voltage regulation, also. 

i)esign of Constant LiTnitlng Level Regulator 

A circuit aiìi1ar to the one shown in flgure 2 is not 
generally applicable for large power applications. For 

mediwn-power applications 10 and ÖC) watt refer ence diodes 
should be used having a nominal voltage suitable for the 
variations expected in the input voltage as well as in the 
output 1eve1 

To extend the power earabilities of this circuit, one 

or more transistors can be used in conjunction with a 1ow 

power breakdown diode to control and re;u1ato much larer 
power loada, The circuit sugp;estd for this purpose is 
shown in Figwe 8. 

The operation of this circuit can be explained with 
the use of Figure 9 repre3enting an essentially identical, 
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but greatly simplified version of the circuit of Figure 8. 

If a sine wave voltage V1 Is applied between collector of 

the transistor and ground, during its positive half-cycle 

tbe collector to base p-n junction as well as the breakdown 

diode will be forward biased. To avoid excessive currents, 

diode D is connected in series with the breakdown diode. 

Pecaiise transistor Q. is not conducting during this positive 

half-cycle, the output voltage across RL is essentially 

zero. During the negative half-cycle, the transistor re- 

sumes normal action because of self-biasing resistor R. As 

long as the instantaneous value of V1 is less than VL, the 

nominal voltage of the breakdown diode, diode D will be 

reverse biased, thus allowing the transistor to go into 

saturation, assuming that F. can provide adequate base 

current. 

For instantaneous values of V1 larger than L a 00fl 

stant voltage equal to VL will be applied to the baso of 

the transistor, thus forcing the voltage across RL to stay 

essentially constant, because of the emitter-follower con- 
figuration. 

As a result of this, the voltage waveform across load 

resistor FL, will be zero during the positive half-cycle of 

collector voltage, while during the negative half-cycle it 

will, be essentially identical with V1 as long as v1L VL. 
For ¡V1 VL the output voltage will remain constant thus 
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producing across RL ari amplitude limited version of the 

negative half-cycle of V1, VL being its limiting level. 

Returning to the circuit of Fißure B transIstors Qi 
and Q3 are performing the same operation as the single 

transistor of Figure 9. They are connected in compound 

which in effect makes them appear as a single transistor 

ìavin a beta approximately equal to the product of the 

betas of the two individual transistors. In this way a 

larger self-biasing resistor can be used thus making pos- 

sible the use of a breakdown diode having a lower power 

rating. It is to he noticed that R3, in addition to pro- 

vidlng base current for and Q3, limtts the current 

through D1 when it breaks down. 

Assuming a sino wave voltage input, during the posi- 

tive half-cycle (terminal i positive with respect to ter- 

minal 2), non-conducting transistors Qi and Q are bypassed 

by diode D7. On the other hand transistors Q2 and Q are 
conducting as explained above. The center tap of the pri- 
mary of transformer T is the reference point. This means 

tat the nominal voltage of breakdown diode Dl is only half 

the value of limiting level VL. This configuration offers 
many advantages. The breakdown voltage of the reference 

diode instead of being In the excess of 140 volts can now 

be half as large which allows the use of one of lower power 

dissipation. Also, instead of two such diode8, only one 

need be used, thus eliminating the trouble and expense tt 



are associated with their rnatchin. This of core Is 

possible because of the conduction of the two transistor 

groups during alternate half-cycles of input voltage V. 

WhIle transistors i and are In the non-conductIng 

state, capacitor Cj Is charging through diode D. After 

VI reached its maximum positIve value the capacitor starts 

discharging through the coI1ectortobase junctions of the 

two transistors and R3 as we11 The time constant R3C) is 

chosen so that when the Input voltage goes through zero, 

there Is adequate positive voltage at the collectors of 

the two transistors to drive them Into saturation the In- 

stant the negative half-cycle begins. This of course la 

to avoid what is called crossover" distortion in the 

output waveform as the input voltage becomes negativo. 

During the negative half-cycle, the same procedure te 

repeated, but now transistors Q1 and Q provide the limiting 

of the input waveform. Figure lO shows the voltage waveform 

across diode D. The positIve voltage of approximately 1.0 

volt Is caused by the forward-biased diode and the negative 

waveform represents the collector-to-emitter voltage across 

transistor Ql The voltage before and after the negative 

peak on the right side of Figure 10 iS the saturation volt- 

age of the transistor. The peak itself is the portion re- 

moved from the negativo half-cycle of the Input voltage. It 

may be noticed that lt is not located symmetrically with 

respect to the beginning and end of the negative portion of 



V.S.: 10 volts/cm
H.S. : 2.1 msec/cm

Figure 10. Voltage waveform across
diode D7 of circuit of Figure 8.

V.S.: 0.1 amp./cm
H.S. : 2.1 msec/cm

Figure 11. Current waveform through
capacitor C]_ of circuit of Figure 8.

V.S.: 100 volts/cm
H.S.: 2.1 msec/cm

Figure 12. Amplitude-limited output voltage
waveform for the constant limiting
level hybrid regulator of Figure 8.
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the waveform, the reason beinr, the presence of capacitor 
cl which is chargeU when limiting ftrst occurs. 

Ftgure 11 shows the current waveform through capacitor 
cl . The ininuni current occurs at the beginning of the 
charging through diode D, then a maximui value is reached 
at the peak of the positive half-cycle of the input voltage, 
followed by an exponential current decay caused by the dis- 
charge of C. The time constant is approximately 35 milli- 
seconds. 

Figure 12 shows the general configuration of the out- 
put waveform provided by the constant limiting level regu- 
lator. The waveform is symmetrical for all practical pur- 
poses, while limiting level is well pronounced and almost 
constant. For this particular picture the reference 11m- 

iting angle was in the excess of 60 degrees, providing a 

mediocre voltage regulation, but improved power efficiency. 

Evaluation of Constant Lim1tig Level Regulator 

The regulator of Figuro 6 is mainly desiied for power 

applications in. the vicinity of 600 watts. Transistors Q 

and Q2 are type 2NlbGO built by gotorola, They are germa- 

nium P-N-P industrial alloy power transistors able to han- 
db 90 watts of collector di$sipation at 25°C, as adver- 
tised. They were chosen for this operation for a variety 
of reasons: 
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1. Maximum collector to eiîmiitter voltage with the 

baso shorted to emitter; = 75 volts. 

2, ìaximum collector to omitter voltage with the hase 

open-circuited; BV = 50 volts. 

3. Continuous collector current of 15 amperes. 

4. ivìnimum direct current sain; h1u 50. 

These transistors should be mounted on a heat sink 

large enough to provide adequate heat dissipation depending 

on the circuit applications. In this investigation a black 

aluminum heat sink was used. A sIlicone lubricant was ap- 

plied in a thin layer between the heat sink and the mount- 

Ing base of the transistor. It is strongly recommended, 

especially for high power applications, where it helps re- 
duce appreciably the thermal resistance. 

Each 2N1560 transistor was mounted with a 2N1543 tran- 

sistor on a separate heat sink because their collectors are 

electrically connected together. The two transistors aro 

identical except for the current rating of the latter, 
which is 10 amperes instead of 15. Being conïected in corn- 

pound with the type 2N1560 transistor, the type 2N1543 

transistor carries at most about 1/50 of the load current, 

so actually it does not have to be a high-power transistor. 
On the other hand it should have essentially th same col- 
loctor-to-emitter breakdown voltage because the portion of 
the voltage which is being removed from the input voltage 
waveform appears across the type 2N1543 transistor, also. 
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The type TR351 diodes aro Transitron silicon diodes 
with current capabilities up to 15 amperes conti'rìuously. 
As explained previously they are carrying alternately dur- 
Ing each half-cycle the entire load current. Because of 
this, to avoid any excessive heating of the diodes, they 
are mounted separately on the two heat sinks mentioned 
above. Peak inverse voltage ratin is not a serious re- 
quirement for these diodes, as long as it i8 in the excess 
of 100 volts. The rest of the diodes are type 1N2070 man- 

ufactured by Texas Instruments. They were chosen mainly 
for their high inverso voltage ratings of over 400 volts as 
well for the maximum forward current of 750 milliamperes. 

91 transformer of the circuit of Figure 8 was espe- 
daily designed by Tektronix, Inc., for experimental pur- 
poses. Its primary was composed of 11 separate windings 
each of 20 turns, while its secondary was made of' a single 
winding of 180 turns. It was mainly used to step up the 
rms valuo of the regulated output voltage which of course 
was reduced to a certain extent, because of the limiting 

process. Typically, the turns ratio for the transformer 

was l60;180. 

Figuro 13 shows the variation of output voltage across 
the socondary of the transformer of the hybrid regulator 
for three different values of reference limiting angle, 
corresponding to 139, 135 and 125 volts. These curves, 
obtained while the regulator was supplying 500 watts to a 



120 i-

03

-p

O 115
>

•»

-p
110

r-\

O
>

P 105

-p

3

100

95

100 105 110 115 120 125

Input voltage, volts

2 b

130

Figure 13. Output voltage as a function of input
voltage for the hybrid regulator of Figure 8.

03

-P

r-\

O
>

bO
as

p

<-i

O
>

P

ft
P

c

120 i-

U^

^^J^
_EojJ04v. ^~^£r^J04V-

1

-~^^
. 1*
001

'.I

1 _L i 1 ' 1

110

100 -

90 —

80

40 45 50 55 60 65

Reference limitin;r angle, degrees

Figure 14. Theoretical output voltage
curves for the regulator of Figure 2.



26 

resistance load, exhibit the general trend of the single 
theoretical curve of Figure 5, although the percentage 

voltage regulation is slightly higher than the value pro- 
dicted in Figure 7. For Gj 57 the actual percentage 

regulation was 9.7% while for = 54.5° and 9L 

was 9.3% and b.4% respectively. On the other hand the 

theoretical regulation from Figure 7 is 8.9%, B.3 and 

7.L' for the three different cases in the same order. 
These discrepancies are of little practical importance, 

and are due to the ideal conditions used in obtaining the 
theoretical curves. The limiting level was not, and could 

not stay entirely constant during the experiment because 

of inherent variation in reference voltage with changes in 
current through the breakdown diode. Also, as seen in 

Fiure 10, capacitors C and C2 affect the symmetry of the 
output waveform thus essentially changing the effective 
value of the output voltage. 

As has been shown, there is a definite improvement in 

alternating voltage regulation while using the constant 
limiting level regulator. For example, in the case where 

L 49°, the regulator helped reduce the percentage volt- 
age regulation from a value of 22% to a1most To cal- 
culate its power efficiency, the input power was found to 
be 630 watts and the output power was 505 watts. This 

corresponds to an efficiency of 80%. 
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There aro two main criteria to use in evaluating the 

circuit of F1ure . It should be evaluated from the 

standpoint of regulating performance and that of power 

economy. 130th OÍ them of course depend on the type of 

app1icition of the hybrid regulator. As it was atated 

previously it C& be used to provide both alternating and 

direct voltage regulation. In the first case t-iere is an 

alteration tri the waveform of the input voltage because of 
the limiting process. For alternatìnp, voltage applications 
where waveform is not a serious problem, the output of the 
regulator can be con .r iected directly to the load thus pro- 
viding a percentage regulation proportional to the reference 
limiting angle arid inversely proportional to the power 

efficiency of the device. It can be easily surmised from 
the previous discussion that there is definitely a limit on 

the capabilities of this type of regiatin circuit, be- 

cause after a certain point is reached, regulation is ob- 

tamed at a considerable expense of input power. 
The question of economy arises. It is estimated that 

there is approximately l5O invested in equipment and labor 

for the re;ulator of Figure B; this amount can be increased 
or decreased depending ori the individual output power re- 

quirements. This is a considerable amount of money, and as 
much as a design ení,ineer tries to avoid being influenced 
by the "dollar sieì", unfortunately, it is almost impossible 
to ignore it. In this study, a design idea was investigated 



without taking into consideration the costs of production. = 
The constant limiting level hybrid regulator is a new 

regulator for direct voltage applications, where regulation 

of the direct voltage itself is not possible or satisfc- 

tory. It is mainly designed for high current filament 

supplies similar to the ones required for direct voltage 

amplifiers where changes in catLods temperatures as well as 

"hum" pick-up because of cathode to heather leakage and 

associated circuit wiring, must be avoided. 

In typical direct-current filament supplies, the shunt 

filter capacitor has to supply the total current during 80% 

of the cycle. By using the constant limiting level regu- 

lator a considerable improvement in the capacitor duty 

cycle can be obtained, because of its having a constant 

amount of voltage across it for an appreciable period of 

time. As a result of this both the capacitance and the 

voltage rating of the filter capacitors can be reduced 

because the rectified voltage is not affected by line-volt- 

age changes. 

in summation, the constant limiting level regulator 

should find many applications where excellent regulation 
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The Variable Limiting Level Regulator 

Figure 14 shows the theoretical variation of output 

voltage for the circuit of Figure 2 as a function of refer- 

ence limiting angle, for three different values of input 

voltap;e namely 104, 117, and 130 volts rms. It can be 

noticed that no regulation cari be obtained as long as the 

voltage limiting level is greater than the maximum value of 

the input waveform. Accordingly, the rnaxïmwn value for 

that it is possible to use to obtain regulation for line 

voltage variations between 104 and 130 volts rms, is ap- 
proximately 620. From equation 4 this corresponds to a 

limiting level of 146 volts. For ideal voltage regulation 

the output voltage should remain constant at 104 volts, 
during the entire input voltage range under consideration. 
To accomplish this, there is only one solution: variable 

limiting level. 

According to Figure 14 the reference limiting angle 
should be 510 at 11ì volts and at 130 volts of input 

voltage. This corresponds to an overall change of 140 in 

the reference anglo or about 23 volts in the limiting 

level. To satisfy these requirements it is necessary to 

obtain a "variable breakdown diod&' effect by designing a 

variable direct voltage supply. If the magnitude of the 

output voltage of this supply can be made to depend on the 
rms value of the regulator voltage then by applying it in 
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series with a breakdown diode of the proper nominal voltage, 
it is possible to vary the limiting level, and as a result 
of this the equivalent reference liriting angle. 

The Variable Direct voltagS ply 

To satisfy the first of the requirer' ents for the vari- 
bible direct voltage supply, a device is needed to monitor 
the rms value of the output voltage off the regulator, thus 
translatIng any me voltage variations into direct voltage 
variations. For this purpose a Kalotron type 2AS-15A yac- 
uum tubo made by Thermosen Inc., was successfully used. 
This tubo although basically a thermionic diode makes use 
of the effect of varying filament temperature on the elec- 
tror emission of a cathode. Thus it is possible to obtain 
values of plate current almost directly proportional to the 
filament voltage of the tube. 

Figure 15 shows the complete circuit for the desi;ned 

voltage supply. The filament voltage for the sensing device 
is obtained from a separate 6-volt centertapped winding on 

the secondary of the transformer in the circuit of Figure B. 

The magnitude of this alternating voltage can be varied with 
a 5-ohm rheostat before being rectified, with the use of a 

semiconductor bridge circuit. As a result of this, varia- 

tions in the rms value of' the output voltage are translated 

into variations in direct-current through the filament of 
the type 2AS-15A vacuum tube. 
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Let :1t be assumed that the input line voltage starts 
increasing from an initial value of 104 volts rrns. his 
will cause the cathode temperature of the sensing tube to 
increase, which in turn increases the direct current 
through the 38,000-ohm resistor in the base of (nor- 
mally ttoff" with the uso of the 5-ohm variable filament 
resistor) . As the voltage across the 38,000-ohm resistor 
becomes increasingly positive, its ernitter-to-base june- 

tion is finally forward biased thus allowing the transistor 
to conduct current. As this current increases it causes 

the emitter-to-base junction of Q6 to become less and less 
forward biased. When the voltage across the 8,200-ohm 

resistor exceeds the base voltage of Q by approximately 
0.1 to 0.2 volts, it forces it to cut-off thus increasing 
the voltage across its collector. This increasing voltage 
is applied then to the base of transistor Qr which is oper- 
ated in the common-emitter (emitter follower) configuration. 
:ssentially the same voltage is developed also across the 

33,000-ohm resistor in the emitter of Q' and consequently 
in series with the positive termiral of the breakdown diode 

providing the limiting level for the circuit of Figure 8. 

This type of "avalanche8 reaction in effect places an 

increasingly positive voltage in opposition with the nomi- 

mal voltage of the breakdown diode, thus essen .. tially re- 
ducing the equivalent limiting level voltage. As this 
happens decreases, which causes the rms value of the 
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output voltage to decrease, By the same token, any decrease 

in the output voltage produces a decreasing voltage in oppo- 

sitlon with the reference diode thus in effect inoreasing 
its apparent voltage. As this voltage goes up, Qî in- 
creases making the effective value of the regulated voltage 
to become larger. 

For the operation of the circuit of Figure 15 a sepa- 

rate 38-volt direct-voltage supply ts reqiire1 . The rea- 
son for choosing this particular value of voltage Is the 
fact that it provides adequate plate voltage for the type 
2A3-15A vacuum tube as well as a safe collector supply for 
the three type 2N1102 transIstors. A higher value of volt- 
age may be used if desired, but then different transistora 
havIng a higher collector-to-emitter voltage rating must be 

used. In this particular case the 38 volts were obtained 
from a third separate 100-volt centertaoped winding in t1 

output transformer (Figure 15). This voltage was rectified, 

f1tered, and then regulated with the use of type 1N1365 

breakdown diode, having a nominal voltage of 39 volts and 

operated as a shunt regulator. The 680-ohm, l-watt resis- 

tor limits to a safe value the amount of current drawn by 

the 1N1365 type transistor which has also to be mounted on 

a small heat sink to avoid any excessive heating. 
In the variable direct-voltage sup1y the type 2AS-15A 

tube provides the output voltage sensing as well as an ini- 
tial voltage gain of about 50. Transistor (5 then is used 
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1n conjunction with Q6 to provide the additional ;ain neo- 

essary to control the equIvalent reference voltage. It was 

necessary to use both Q5 and Q for this purpose, because 1f 

the output voltage was taken at the collector of Q thon lt 

would be decreasing instead of Increasing for lncreasin 

values of Input voltage as required for proper operation.. 

Transistor Qr on the other hand, does not provide any gain 
but lt is used to reduce the output Impedance of the direct 

voltage supply, thus making an almost ideal voltage source 

out of lt. It can be seen that in order to obtain an equiv- 
aient reference voltage Independent of changes In current, 

the combination of breakdown diode and variable direct volt- 

age supply has to exhibit a rather low input Impedance. 
r2he type 2N1102 transistor was made by Sylvania and was 

used in this circuit because, although inexpensive, it has 

a current gain h1î of 50 and a current capability of 100 

milliamperes, Its rated maximum collector-to-emitter break- 
down voltage is 25 volts which is slightly above the volt- 

ages used In this circuit. It should be mentioned hero that 

a large number of - E- transistors was studied to select 

one for this application; none though exceeded the perform- 
anco of the type 21102. 

In conclusion, the variable direct voltage supply is 

able to provide a varying voltage between approximately 10 

volts (Q5 Q6 o) and almost 38 volts (Q on, Q off) * 

Using the variable resistances in the collector circuits of 



Q5 and G jt is possible to vary the initial voltage In op- 
position with the constant reference source in order to be 

able to obtain the required limiting level of 146 volts at 
104 volts rms of input voltage. This 28-volt variation 
coupled with high voltage gain in the excess of 500 proved 

more than adequate in varying the limiting level of the 
hybrid regulator, in an effort to check the increasing ms 
value of its output voltage. 

Circuit for a Variable Limiting Level Regulator 

Figure 15 also represents the complete circuit for a 

1000-watt hybrid reu1ator. lt should be noticed that the 
math difference between this particular circuit and the one 

of Figure 8, Is the introduction of the variable direct- 
voltage supply and its associated circuitry between the con- 
ter tap of the transformer and the breakdown diode used to 
establish the initial constant limiting level. There are 

certain other minor differences as well, which will be dis- 

cussed in this section. 

As it was stated previously the output of the variable 
direct-voltage supply can vary between 10 and 38 volts max- 

imum. On the other hand it is desired that the limiting 
level should be 146 volts approximately at V1 104 volts 
rms. To accomplish this a type 10M82Z breakdown diode 
having a nominal voltage of 82 volts was used. Assuming 

ari output of 10 volts from the variable supply, the 



equivalent limiting level shoul9 then be V, 2(82-lo) 
144 volts to make sure that an input voltage of at least 
104 volts rms would be adequately reulatod . A larger 

breakdown diode could also be used, in which case the 

collector resistance for transistor Q2 should be adjusted 
to provide the desired limiting level. 

The power transforner for the regulator of Figure 15 

is also an experimental model built especially by Tektronix, 
Inc. Its turn ratio is such that for 104 volts rms in the 

primary there should be 117 volts across the main secondary 

winding. It also has two other separate secondary windings 

supplying 100 volts and 6 volts respectively. The larger 

one is used to supply the 8 volts required for the varia- 
ble limiting level circuitry. The 6-volt winding has a 

dual purpose: 

1. To provide the filament of the sensing tube with 
a sample of the output voltage, and 

2. To provide the power ror the time delay circuit 
used for the protection of the type 2Nl56O tran- 

sistors. 
It should be mentioned here that this regulator was 

used to provide power for tube filaments, and as such it 
experiences an initial change in load impedance caused by 

the positive coefficient of resistivity of the cathode 

heating elements, in many occasions hot filaments have 

about lO times their off-resistance. As a result of this 
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when a filament load Is applied to the regulator at fir$t, 
the power transformer secondary seems to be almost short- 

circuited, while rated voltage is applied across its prima- 

ry. Large current then flows through one of the two type 

2N1560 transistor while the other one is bypassed by the 

type TR351 diode across it. This depending on the instan- 

taneous magnitude of the Input voltage when the regulator 
was turned on, can destroy the main power transistor whIch 

happened to be conducting at that time. 
For this reason a type GNO45T time delay tube was used 

to allow 45 seconds approximately, before the load was con- 

nected to the actual regulating circuit. From Figure 15 It 

can be seen, that when power is at first applied to the 

regulator, both groups of lino transistors are shorted out, 

while the input voltage is directly connected to the main 

secondary of the power transformer. This is accomplished 

with the use of a 4-pole-double-throw mechanical relay 

whose coil Is connected to one of the contacts of the delay 

tube. At the end of the 45 seconds, the delay tube connects 
the coil of the above-mentioned relay as well as that of a 

separato single-pole-double-throw one, across the 6-volt 
secondary winding of the power transformer. This energizes 

both relays, which In turn piace the line transistors In 

the circuit thus allowing normal regulating action with the 
removal of the initial connection between the input and the 

output of the regulator. The single-pole-double-throw 
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relay removes the filament of the type 6N045T tube from the 
6-volt secondary winding, thus eliminating the delay tube 
from the circuit. 

This protective scheme proved adequate for operations 

where e load Is applied when the reu1ator was still mop- 

erative. If on the other hand, a load was applied after 

the delay tube was eliinated from the circuit, the protec- 
tive circuitry would thenì be ineffective, which could mean 

possible destruction for one of the typo 2N1560 transistors. 
This is of minor importance, because this regulator normal- 
ly would be connected permanently to the load when used in 

an oscilloscope or power supply. Otherwise proper precau- 

tions should be taken. 

A 1000-watt aximum Variable Limiting Level Regulator 

Figure 16 shows the actual regulator using the circuit 
of Figure 15. In front thezc is a O-150 volt rina voltmeter 

which can be made to road either the input or the output 
voltage depending on the position of the switch on its 

right. Other controls are the "ON-OFF" switch, a variable 

resistor for varying the filament voltage of the type 
2AS-15A vacuum tube to control the range of' regulation, and 

a six-position rotary switch which provides shunt resistors 
across the type TR3Ö1 diodes (Figure 15). In this circuit, 
there are 6 different values of shunts that can be used 

ranging from 5 to 83 ohms. These shunts are used to 



Figure 16. A 1000-watt maximum
variable limiting level regulator.
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share part of the diss1at1on of the regu1ator, which 

otherwise should be dissipated by the transistors 1ort . e, 

Thus the various positions of the selector switch are 

calibrated in watts of output load fror less than 100 

watts (b3 ohms) up to 1000 watts (5 ohms). 

Figure 17 provides another view of the regulator 

showing part of its instrumentation. On the left there is 

the fan used for cooling purposes especially for high power 

applications, while in front of it the two seiarate heat 

sinks can be seen Each one of them is painted in black 

and carries the combination of ono type 2N1560 transistor, 

one typo 2N1543 transistor, and a type TR51 diode. On 

the right the power transformer is located directly behind 

the front panel of the regulator. The two variable reels- 

tors in front of the transformer, provide the variation in 

the output voltage of the varIable supply. 

Figure 18 shows a bottom view of the regulator. The 

power resistors are next to the fan, while the circuitry 

associated with the main regulating mit and the variable 

supply is located directly in front of the transformer. 

Also it is possible to see In the left of the picture the 

6-position rotary switch which was mentioned previously, 

Figure 19 shows the variation of output voltage as a 

function of input line variations, while the regulator was 

supplying power to a 600-watt lamp load. The rej;ulated 

output is constant within instrument accuracy between 107 
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Figure 17. Side view of the regulator of Figure 16.

Figure 18. Bottom view of the regulator of Figure 16
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and 135 rms volts in the input. There is only a 0.1 volt 
change between 107 and 105 volts which represents an over- 

all percentage regulation of 0.091% approximately. It 
should be noticed that at 100 watts of output power the 

regulated voltage had a value of about 115 volt rms, while 

at 1000 watts it dropped to almost 105 volts This of 

course should be taken into consideration depending on the 
output power requirements for the regulator. 

Figure 20 shows the percentage efficiency of this reg- 
ulator at a constant output load of 400 watts. Thus ef f i- 
ciency is maximum (go:) at 5 105 volts rrns and minimum 

(70%) at TL 135 volts, as expected. These figures in 

conjunction with Figure 19 are an indication of the vast 

improvement of the variable limiting level regulator over 

its constant level counterpart. There should not be any 

doubt that the former provides excellent alternating volt- 
ago regulation coupled with fair power efficiency. It can 

find use for direct voltage applications as well, although 
the varIation in the limIting level is rather a disadvan- 
tage. 

CONCLUSIONS 

In this investigation an almost row method for regula- 
tin.g alternating and direct voltages was introduced. This 

method, although originally suitable for direct-current 
applications, can be readily adapted to alternating current 
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applications by making use of the varint, limiting level 

configuration. 

The constant limiting level regulator can be used when 

t1nere are requirements for large current. Depending on the 

&osen limiting level it could be possible to obtain an out- 

put with excellent regulation and a minimum of ripple eon- 

tent, at a power efficiency of 80% or better. 

The variable lim1tin level re ulator is ideally 

suited for large alternating current as well as voltage 

applications, where waveform is not of any concern. It can 

provide almost ideal regulating at a better than average 

power efficiency ranging from 90 to 70, dependinf; on the 

input voltage. 
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