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STACKED SERIES REGULATOR 

Thomas G. Harrigan, Lake Hiawatha, and William E. 
Jewett, Basking Ridge, N.J., assignors to Bell Telephone 
Laboratories Incorporated, New York, N.Y., a corpo 
ration of New York 

Filed Apr. 18, 1966, Ser. No. 543,319 
6 Claims. (Cl. 321—16) 

ABSTRACT OF THE DISCLOSURE 
An e?icient votlage regulating system comprises two 

variable series impedance regulators with outputs in 
parallel. The ?rst regulator operates ef?ciently with a 
minimum voltage drop across it when the input voltage 
is normal. The second regulator, operating from a higher 
input voltage, is adjusted to supply a slightly lower output 
voltage than the ?rst regulator supplies. The second regu 
lator is therefore normally cut-01f and operates only when 
the output voltage falls because of a larger drop in the 
input voltage than the ?rst regulator can absorb. Where 
a slight step in load voltage is undesirable the output of 
the second regulator is connected to the ?rst regulator’s 
input. Where large excursions in input voltage are bidirec 
tional three regulators are connected with their outputs 
in parallel. 

-_--————— 

This invention relates to the ?eld of voltage regulated 
power supplies, particularly to the series regulating types. 
In the electronic arts direct current is commonly sup 
plied at a constant regulated voltage to a variable load 
from an unregulated source through a series regulator 
of either the switching or the nonswitching type. 

In the switching type regulator a switch is interposed 
between the source and the load. The percentage of time 
that the switch is closed, transmitting current to the load, 
is varied to maintain a constant voltage at the load. The 
switch must operate, of course, at a fast enough rate to 
accommodate contemplated changes in the load and in 
the source. When the switch is closed there is virtually no 
voltage drop across it; when the switch is open no cur 
rent flows through it. Consequently, there is virtually no 
power lost in the switch itself, and the device is very ef 
?cient. On the other hand, since the current is supplied in 
pulses, extensive ?ltering is required both at the input and 
the output, and the output impedance is relatively high. 
In addition, the size and weight of this type regulator 
tend to be relatively large. 

In the nonswitching or variable impedance type series 
regulator an impedance element such as a transistor or 
vacuum tube is interposed between the source and the 
load. The impedance of the element is varied to main 
tain a constant voltage at the load. Since the response of 
vacuum tubes and transistors is virtually instantaneous, 
very little ?ltering is needed. In fact, the device itself is a 
type of electronic ?lter. In addition, the size and Weight 
can be made relatively small. The major drawback, how 
ever, is poor ef?ciency. All of the load current passes 
through the impedance element, and all of the voltage 
difference between the highest input voltage and the low 
est output voltage is dropped across it. Under the common 
condition of a high input voltage and a low voltage high 
current load an appreciable voltage appears across the 
regulator at a high current. This results in a high power 
loss and very poor e?iciency. 
The prior art approaches a solution to the inel?ciency 

of the otherwise desirable series nonswitching regulator 
in two ways. First, when a large variation in output volt 
age is desired, means have been used for lowering the 
source voltage as the load voltage is lowered. Commonly 
a variable autotransformer at the input is coupled me 
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chanically to the potentiometer which adjusts the output 
voltage. The second common approach attacks an effect 
of the poor el?ciency rather than the cause. In the case 
of a transistor regulator an instantaneous large power 
absorption can result in permanent damage to the tran 
sistor. Many devices have been designed which protect 
the transistor ‘by absorbing this power elsewhere, but 
these, of course, do not improve the efficiency. 

In applications where the source voltage is relatively 
constant with only an occasional large excursion and 
where the equipment is in constant use, there is a real 
need for a series regulator which can operate efficiently 
and yet accommodate the occasional large input excur 
sion. Such an application is commonly found in a tele 
phone system. vIn order to provide continuous service 
in the event of a power blackout, the system continually 
operates on storage batteries under a trickle charge; 
normally the voltage at the batteries is relatively constant. 
When there is a power failure, however, the charging 
voltage disappears and the battery voltage drops. An 
e?icient regulator is found in our invention, the stacked 
series regulator. 
An object of this invention is to provide a very efficient 

voltage regulating circuit with all the advantages of series 
nonswitching regulation and without the major disad 
vantage of low e?iciency. 

Another object is to provide a series voltage regula 
ing circuit ideally suited to supply current from a normally 
well regulated source such as storage batteries. 
A still further object of this invention is to provide a 

series voltage regulating circuit in applications where 
generated heat or cost of wasted power must be kept to a 
minimum. 

In its simplest form the invention comprises two ordi 
nary series regulators operating with outputs in parallel. 
The ?rst regulator is designed to operate with a minimum 
voltage across it when the input voltage is normal. This 
allows it to operate Very et?ciently. The second regulator, 
operating from a higher input voltage, is adjusted to sup 
ply current at a slightly lower output voltage than the ?rst 
regulator supplies. This second regulator, because of its 
higher drop, is not so e?icient when operating, but is nor 
mally cut off. During the infrequent periods when the in 
put voltage to the ?rst regulator drops below the value 
at which the regulator can continue to regulate, the output 
voltage drops slightly causing the second regulator to be 
come operative. Thus the system operates with good e?i 
ciency most of the time, protects for the occasional ex 
treme excursion, and has all the advantages of series non 
switching regulation. 

In the event that the slight step in output voltage neces 
sary to activate the normally cut off regulator is undesir 
able, a similar embodiment can be used. In this embodi 
ment the output of the second regulator is connected to 
the ?rst regulator’s input rather than its output. Now, 
when the ?rst source voltage drops to some predetermined 
point above that at which the ?rst regulator loses regula 
tion, the second regulator begins to pass current, main 
taining the input voltage to the ?rst regulator. The system 
output voltage therefore remains substantially constant, 
even during the large input excursion. 
Where the normal regulation of the ?rst source is with 

in the tolerance required by the load, the ?rst regulator 
may be eliminated entirely. In this case, during normal 
operation, the load is supplied directly from the ?rst 
source with no power consumed in a regulator. When the 
load voltage, which is the ?rst source voltage, drops be 
yond the normal minimum, the second regulator takes 
over and maintains the load voltage. 

Finally, where the input voltage is apt to rise consider 
ably as well as fall, still another embodiment of our in 
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vention utilizes a third regulator to handle the large posi 
tive excursion. This regulator is adjusted to regulate at a 
slightly higher output voltage than the ?rst regulator and 
is supplied from a lower voltage DC source. All three DC 
sources are supplied from a single system input. During 
normal operation, the third regulator is cut off because its 
source voltage is lower than the load voltage. During a 
large positive voltage excursion on the system input, the 
source voltage to the third regulator rises, allowing that 
regulator to pass current and take over the regulation at 
the slightly higher load voltage. 
A more complete understanding of the invention may 

be obtainedtrom a study of the following detailed de 
scription of several speci?c embodiments. In the draw 
mgs: 

FIG. 1 is a block diagram of the invention in its sim 
plest form; 

FIG. 2 is a schematic diagram of one preferred em 
bodiment of the invention; 

FIG. 3 is a plot of output voltage against input voltage 
for two typical loads on the system of FIG. 2; 
FIG. 4 is a block diagram of an alternative embodiment 

of the invention with a different arrangement of regula 
tors; and 

FIG. 5 is a block diagram of an alternative embodiment 
utilizing three regulators. 

In the embodiment of the invention shown in FIG. 1, 
a DC source 1. supplies current to a load 2 through a 
series regulator 3 via a pair of conductors 5 and 6. In 
like manner, a DC source 7 can supply current to load 2 
through a series regulator 8 via a pair of conductors 9 
and 10. Source 7 is of higher voltage than source 1 and 
regulator 8 is set to supply current at a slightly lower out 
put voltage than is regulator 3. Normally, therefore, when 
source 1 is operating close to its nominal voltage, virtually 
all of the current to load 2 is supplied by source 1 through 
regulator 3. Regulator 8, in attempting to reduce the load 
voltage, has a very high impedance, cutting off the cur 
rent from source 7. 
When the voltage of source 1 falls oil, the impedance 

of regulator 3 decreases in an attempt to maintain the 
voltage at the load. When this impedance is at a mini 
mum and the voltage of source 1 continues to fall, the 
voltage at the load must then fall. When the load voltage, 
which is the output voltage of regulator 8 as well as reg 
ulator 3, falls a slight amount to that value to which reg 
ulator 8 was set, the impedance of regulator 8 begins to 
fall. The load voltage is then maintained at the slightly 
lower level by current from source 7 until the voltage of 
source 1 again rises. 

In the preferred embodiment of FIG. 2, an output tap 
21 of a DC to DC converter 30 supplies current to a load 
22 through a series regulator 23 via a pair of conductors 
25 and 26. In like manner, an output tap 27 can supply 
current to load 22 through a series regulator 28 via a con 
ductor 29 and conductor 26. Tap 27 supplies a higher 
voltage than does tap 21. Converter 30 is supplied by a 
battery 31 which is kept under constant charge by a 
charger 32 operating from the AC power line. 

Series regulators 23 and 28 are typical of those well 
known in the art and their operation will be described. 
The invention is not limited to the use of these particular 
regulators, of course, as it will operate equally well with 
any DC series voltage regulator circuit. A potentiometer 
35 is in parallel with the load 22 hence sees the same volt 
age. A series circuit consisting of a Zener diode 36 and a 
resistor 37 is also in parallel with the load. The Zener 
diode is poled so that it is back biased by the load voltage 
and the value of resistor 37 is chosen so that avalanche 
current continually ?ows in the diode. Under these con 
ditions, the voltage across the diode is constant, inde 
pendent of changes in the voltage across the load 22. The 
emitter 38 of an NPN transistor 39 is connected to the 
junction between Zener diode 36 and resistor 37. The base 
40 of transistor 39 is connected to the adjustable tap 41 
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4 
of potentiometer 35. Any change of output voltage across 
load 22 therefore appears undiminished at emitter 38 and 
some proportion of this change appears at base 40. It be 
cause of a change in current in load 22 or a change in 
voltage across battery 31 the voltage across load 22 tends 
to drop, the voltage at emitter 38 drops the same amount 
while that at base 40‘ drops a lesser amount. This causes 
a slight increase in base-emitter voltage of transistor 39 
and hence a slight increase in base-emitter current. The 
collector 43 of transistor 39 is connected to the base 44 
of a PNP transistor 45. The collector 46 of transistor 45 
is connected to conductor 25; the emitter 47 is connected 
to the base 48 of a PNP transistor 50. The emitter 51 of 
transistor 50 is connected to tap 21; the collector 52 is 
connected to conductor 25. Biasing resistor 53 is con 
nected between tap 21 and base 44, and biasing resistor 
54 is connected between tap 21 and base 40. 
The slight increase in base-emitter current of transistor 

39 causes by transistor action a larger increase in col 
lector-emitter current. In like manner this causes a larger 
increase in collector-emitter current in transistor 45 and 
in turn a still larger increase in collector-emitter current 
in transistor 50. The collector-emitter impedance of tran 
sistor 50 is thereby reduced, offsetting the original drop 
in output voltage at load 22. Should the output voltage 
tend to rise, the impedance of transistor 50 is increased 
through a similar chain of events of opposite polarity. The 
output voltage at load 22 is therefore well regulated over 
a range of input and output conditions. 

This invention departs from the prior art, however, 
in that the range of input voltage over which regulator 23 
maintains the output voltage is purposely made very small. 
It is important to the ei?ciency objective of the invention 
that the voltage of tap 21 be so chosen in relation to the 
desired output voltage that the voltage drop across tran 
sistor 50 be never very large. In fact, the collector-emitter 
impedance of transistor 50 is at an effective minimum 
when the voltage of battery 31 is at its normal minimum 
with battery charger 32 operating. This condition can 
be better explained with additional reference to the curves 
of output voltage against input voltage of FIG. 3. 

Curve 61 is for a higher current load; curve 62 is for 
a lower current load. For example, curve 61 may represent 
?ve amperes, while curve 62 represents one ampere. Both 
scales have been considerably ampli?ed to illustrate the 
action. The upper portion of curve 61, above point 64, 
represents the condition where regulator 23 is functioning 
as described. The voltage across load 22 is maintained 
relatively constant as long as the voltage at battery 31 
does not go below the value represented by abscissa 65. 
This value should be by design the minimum normally 
occurring voltage across battery 31 with the charger oper 
ating. At this point also regulator 28 is not supplying any 
current. For sake of illustration, regulator 28 is similar 
to regulator 23. Three transistors, 70, 71 and 72 are con 
nected similarly to transistors 50, 45 and 39, respectively. 
A potentiometer 73 for adjusting output voltage corre 
sponds to potentiometer 35; a voltage reference circuit 
comprising a Zener diode 74 and a resistor 75 corresponds 
to the circuit of Zener diode 36 and resistor 37; a bias 
resistor 76 corresponds to resistor 53. Transistors 70, 71 
and 72 are all cut off by virtue of the setting of potenti 
ometer 73, which controls the bias on transistor 72. 
Hence during over 99.9 percent of the time, when the 
power lines are intact, the e?iciency of the system is very 
good. 
Now should the DC input voltage across battery 31 

continue to drop below abscissa 65 in FIG. 3, as in the 
instance of a line power failure which makes charger 32 
inoperative, output voltage begins to drop because the 
impedance of transistor 50 can go no lower. When the 
output voltage drops to point 66, however, represented by 
ordinate 67, the emitter voltage of transistor 72 is low 
enough to turn on transistor 72, in turn turning on tran 
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sistors 71 and 70, and regulator 28 begins to function 
much as did regulator 23. A further drop in battery 
voltage has practically no effect on output voltage because 
of the action of regulator 28. The difference between 
point 64 and point 66 can be made very small, in the order 
of one-tenth volt compared to an output of twenty-four 
volts. Contrary to regulator 23, regulator 28 may be 
designed with a large reserve voltage. That is, the voltage 
at tap 27 may be considerably higher than the desired 
load voltage. While this produces inefficiency, the effect 
on overall ef?ciency is slight because regulator 28 oper 
ates for such a small percentage of time. 
Even in the worst condition, however, when regulator 

28 is supplying all of the load current, the system is more 
e?icient than would be a single series regulator under nor 
mal conditions. This is because during this fault condition 
the battery voltage, hence the voltage at tap 27, and in 
turn the voltage across the functioning regulator 28 are 
below normal. 
As can be seen by curve 62, at a lighter load the cross 

over point from regulator 23 to regulator 28 takes place at 
a lower input voltage, abscissa 68. A capacitor 55 across 
the load is useful to reduce noise voltage. 
Where the step in load voltage shown in FIG. 3 is unde 

sirable, the circuit of FIG. 4 may be used. By way of 
illustration, a source 130 may comprise the multitapped 
secondary winding 131 of a transformer or DC to DC 
converter, with a recti?er 132 connected to each tap 
except the center tap. The cathodes of the recti?ers of 
symmetrical taps are connected together to provide full 
wave recti?ed direct current at terminals 127 and 121 
with the common ground terminal 133. This arrangement 
may be used for the sources of any of the embodiments of 
the invention. A series regulator 123 is supplied from 
terminals 121 and 133 over conductors 125 and 126. A 
load 122 is in turn supplied from regulator 123. As in the 
case of regulator 3 of FIG. 1 and regulator 23 of FIG. 2, 
regulator 123 is ‘designed with .a small reserve voltage. 
That is, if the voltage at the terminals 121 and 133 an ‘ 
hence at the input of regulator 123, points 135 and 136, 
were to fall a small amount, below a convenient infre 
quent minimum, the load voltage would start to drop. 
The output of a series variable impedance regulator 128, 
however, is connected to the input of regulator 123. 
Terminals 127 and 133 are connected to the input of 
regulator 128. Regulator 128 is adjusted to supply current 
at a voltage less than the normal voltage appearing at 
tap 127, but higher than that at which regulator 123 
ceases to regulate. Most of the time, therefore, when the 
voltage at terminal 121 is within its normal limits, regu 
lator 128 is cut off, and current is supplied to load 122 
through e?‘icient regulator 123‘. When the voltage at termi 
nal 121, which is the output voltage of regulator 128, 
begins to drop beyond its normal limits, however, the 
impedance of regulator 128 begins to drop, passing cur 
rent from terminal 127 and maintaining the voltage at 
points 135 and 136 above that which produces a drop at 
load 122. 

In the event that the load can tolerate the normal 
voltage range of the primary source 121, and must be 
protected from only a major excursion, it is possible to 
eliminate regulator 123 entirely as shown by the dotted 
lines in FIG. 4. This is the most efficient embodiment of 
the invention in that there is no power lost in regulation 
during normal operation. There is no change in the 
operation of regulator 128. 

For applications where the infrequent large excursions 
in input voltage tend to be bidirectional, a third regulator 
may be added, as shown in block diagram FIG. 5. In this 
circuit, for sake of illustration, three DC power supplies 
‘91, 92 and 93 are each powered by a common AC input 
line 94. The output circuits of the three supplies are 
connected in series. A load 82 is connected across the 
parallel connected output circuits of three regulators 81, 
83 and 84. The input circuit of regulator 83 is connected 
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6 
between the positive output terminal of supply 91 and 
the negative output terminal of supply 93; the input cir 
cuit of regulator 81 is connected between the positive 
output terminal of supply 92 and the negative output 
terminal of supply 93; the input circuit of regulator 84 
is connected between the positive and negative output 
terminals of supply 93. The invention is not limited, of 
course to this supply voltage polarity, as the opposite 
polarity would work equally well. During the preponder 
ance of time, when the AC input voltage is within normal 
limits, the ef?cient regulator 81 supplies current to 
load 82 from the source made up of supply 93 in series 
with supply 92. Similarly to previously discussed cir 
cuits, regulator 83 is adjusted to supply current at a 
slightly lower voltage than is regulator 81. When the 
AC input voltage drops beyond the regulating range of 
regulator 81, regulator 83 becomes active and supplies 
current to load 82 from the source made up of supplies 
91, 92 and 93 in series. Regulator 84 is adjusted to supply 
current at a slightly higher voltage than is regulator 81. 
Consequently, the true impedance of regulator 84 is at 
a minimum as long as the load voltage is normal or 
lower. The only reason that regulator 84 does not supply 
current is that DC supply 93 is not of a high enough 
voltage. When the AC input voltage in line 94 rises ap 
preciably, therefore, the voltage at DC supply 93 rises, 
allowing regulator 84 to take over and supply the load. 

It is to be understood that the above-described arrange 
ments are illustrative of the applications of the principles 
of the invention. Numerous other arrangements may be 
devised by those skilled in the art without departing from 
the spirit and scope of the invention, 
What is claimed is: 
1. A direct current voltage regulating system com 

prising a ?rst direct current variable impedance type 
series voltage regulator having input and output termi 
nals, a ?rst direct current source connected to said input 
terminals, a second direct current variable impedance 
type series voltage regulator having input and output 
terminals, and a second direct current source connected 
to the input terminals of said second regulator, wherein 
the output terminals of both regulators are connected in 
parallel, said second direct current source is of higher 
voltage than said ?rst source, and said second regulator 
provides current at a slightly lower output voltage than 
said ?rst regulator. 

2. A direct current voltage regulating system as in 
claim 1 wherein said sources comprise a direct current 
to direct current converter having an input circuit and 
multiple output voltage taps, a direct current storage 
battery connected to said converter input circuit, and 
charging means connected to said battery for maintain 
ing the voltage thereof. 

3. A direct current voltage regulating system as in 
claim 1 comprising in addition a third direct current 
series voltage regulator having input and output termi 
nals and a third direct current voltage source connected 
to the input terminals of said third regulator, wherein 
the output terminals of said third regulator are connected 
in parallel with those of said ?rst and second regulators, 
and said third regulator provides current at a slightly 
higher voltage than does said ?rst regulator. 

4. A direct current voltage regulating system as in 
claim 1 wherein said ?rst and second direct current series 
voltage regulators each comprise input and output termi 
nals, adjustable sensing means connected across said out 
put terminals for sensing a portion of the voltage there 
appearing, voltage reference means, comparison means 
connected between said sensing means and said reference 
means for producing an output voltage proportional to 
the difference between said sensing means and said refer 
ence means, and current control means connected be 
tween one input and one output terminal responsive to 
the output voltage of said comparison means. 
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5. A direct current voltage regulating system compris 
ing a ?rst variable impedance type series regulator having 
input and output terminals and adapted to maintain a 
constant voltage at said output terminals, a load con 
nected to said output terminals, a ?rst direct current 
source having a nominal voltage range connected to said 
input terminals, a second variable impedance type series 
regulator having input and output terminals and adapted 
to maintain an adjustable constant voltage at its output 
terminals, a second direct current source connected to 
said last-named input terminals, and means connecting 
the output terminals of said second regulator to the input 
terminals of said ?rst regulator, wherein the voltage mag 
nitude of said second source is greater than that of said 
?rst source and said second regulator supplies current 
at a lower voltage magnitude than said nominal voltage 
range. 
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6. A direct current voltage regulating system as in 

claim 5 wherein said ?rst and second source comprises 
the recti?ed outputs of a multitap transformer. 

References Cited 

UNITED STATES PATENTS 

2,701,858 2/1955 Bakeman et a1. _____ __ 321—16 
3,001,082 9/1961 Clarke __________ __ 307—53 X 
3,135,910 6/1964 Hamilton _________ __ 321—16 

3,161,778 12/1964 Harrison et al. _____ __ 307-61 
3,356,855 12/1967 Suzuki et a1. ______ __ 307—53 

LEE T, HIX, Primary Examiner. 

A. D. PELLINEN, Assistant Examiner. 


