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The present invention relates broadly to volt-
age regulators and, more particularly, to passive
resistive elements which exhibit a pronounced
non-linear relationship between the voltage ap-
plied across them and the current flowing through

It is well known that in electrical systems which

comprise a generator, a power supply, and s load .

suitably coupled thereto, it is often essential to
maintain a constant voltage across the Joad in
the face of varying values of power supply out-
put voltage and load current.

The relation between the load voltage under
these varying conditions and the load voltage
under predetermined normal conditions is termed

“regulation,” the regulation being said to be

“good” when changing conditions produce little
or no change in load voltage and “poor” when
the opposite Is true. It is in this sense that the
above terms are used in the subsequent discus-
slon. ’

When the inherent regulation of an electrical
system of the type hereinbefore described is poor,
recourse is often had to some type of voltage
regulating dgvice which Is ordinarily connected
intermediate the power supply and the load, for
the purpose of improving this regulation.

Such a device may be a so-called non-linear
resistor which is characterized in that, over a
certain range of values of current flowing there-

" through, the voltage across its terminsals remains
substantially constant. The manner in which
such a resistor maintaing the load voltage con-
stant is described in more detail hereinafter.

This type of voltage regulating resistor has, in
the past, usually taken the form of a carbon-pile
regulator which consisted of a stack of contact-
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ing carbon disks maintained under pressure. -

While satisfactory for some appifcations, this
carbon-pile regulator suffered from a number of
serious defects. For example, it was unstable
inasmuch as its regulating voltage was subject
to unpredictable fluctuations. It was also prac-
tically useless at high voltages since it was sub-
ject to sparking at the junctions between adja-
cent disks with consequent deterforation of the
pile.

On the other hand, a voltage regulating re-
sistor constructed in accordance with my inven-
tion is comprised, in general terms, of a single
compact column of silicon carbide granules ar-
ranged within that column in a manner herein-
after described. The basic features of composi-

tion, construction, and of the conduction process

which characterize my novel device combine to
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free it of the defects hereinbefore described. In
addition, its regulating voltage is readily adjust-
able and its characteristics capable of complete
design. i

It is, accordingly, a primary object of my in-
vention to provide a novel voltage regulating re-
gistor. ’

It is another object of my invention to provide
a voltage regulating resistor having readily ad-
Justable regulating voltage. -

Still another object of my invention resides
in the provision of a voltage regulator which is
stable over the operating range for which it is
designed. '

A still further object of my invention resides
in the provision of a voltage regulator which is
of simple and sturdy construction. .

These and other objects of my invention will
become more readily apparent from a considera-
tion of the following discussion in conjunction
with the accompanying drawings where

Figure 1 is a schematic representation of an
electrical system which comprises s voltage regu-
lator and which will be used to fllustrate some
of dthe general properties associated therewith:
and. )

Figure 2 is a representation of a voltage regu-
lating resistor embodying my invention.

As has been briefly pointed out in the pre-
ceding discussion, voltage regulators are ususally
inserted intermediate a power supply and its load.
This is schematically illustrated in Figure 1 to
which more detailed reference may now be had.
In this figure, there is shown a power supply io0,
a voltage regulator {1 of the non-linear resistive
type here under discussion, and a load {2, all
connected in circuit relation. It will be under-
stood that while power supply 18 and load 2
may assume any desired form, they are shown
in Figure 1 in their conventional schematic rep-
resentation, power supply 10 taking the form of a
simple voltage generator G in series with an
Internal impedance Za, the output voltage there-~
of being developed across terminals {8 and {4
and being equal to the voltage generated by gen-
erator G less the voltage drop across internal im-
pedance Za due to the current flowing there-
through. Load {2 is represented schematically
by an impedance connected to the output ter-
minals of the power supply. The regulator (i is
represented as an impedance connected in shunt
with the load impedance. The operation of such
a system is so well known that a brief recapitula-
tion here will suffice. The load voltage—which
it is desired to maintain constant—will be equal
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to the voltage across terminals i3 and 14 and thus
equal to the voltage generated by generator G less
the voltage drop due to current flowing through
internal imp=dance Za. The regulator, being in
parallel with the load, will, of course, have the
same voltage applied to its terminals. Current
will flow through the load and through the regu-
lating resistor, the proportion of the current flow-
ing through each being inversely related to their
relative impedance values. An increase in gen-
erated voltage above its desired value, due to any
cause, will result in an increase in the terminal
voltage of the power supply and thereby in the
voltage across the load and regulator impedances
12 and f1. If the voltage regulator 11 is operat-
ing properly, its effective impedance will tend to
decrease in response to the increase in voltage
thereacross, thereby drawing increased current
from the power supply. This in turn increases
the voltage drop across the internal impedance
Za of the supply, thus lowering its terminal volt-
age until the desired condition of supply and load
voltage has been reestablished. The converse
phenomenon of course takes place if the gen-
erated voltage should decrease. Should the load
current, on the other hand, increase (due to a
decrease in the value of the load impedance), this
would cause increased current drain from the
power supply, with attendant increased voltage
drop across its internal impedance and lowering
of the terminal and the load voltage. This lower-
ing of voltage would also be sensed by the regu-
lator which would again react by increasing its
effective impedance, thereby reducing its own
current drain on the power supply and compen-
sating for the increased current drain due to the
load until the terminal voltage of the supply and,
simultaneously, the load voltage are restored to
substantially their desired value. Here again a
similar reasoning process will explain the con-
verse behavior,

Summarizing then, changes in voltage across a
regulator of the type under discussion produce
non-linearly related changes of current there-
through in the region in which it provides regu-
lation. In fact, in that region, at any rate, a
small increase in voltage produces a relatively
large increase in current, while a smal] decrease
in voltage produces a disproportionately large
decrease in current. This characteristic is used
to impart voltage regulation to an electrical sys-
tem in the manner hereinbefore outlined.

A regulator which operates in the manner here-
inbefore described is illustrated, partly in cross-
section, in Figure 2, to which more detailed refer-
ence is now made. Such a regulator comprises,
in general terms, a column of silicon carbide
granules collectively designated by reference
numeral 15, the arrangement of these granules in
the column being discussed in more detai] here-
inafter. In its preferred form this column is
cylindrical in shape and is enclosed in a closely
fitting cylindrical container 16 constructed of
some suitable heat-transmissive material such as
glass. A solid electrically conductive plug 171
closes one end of the container 16 while pressure
is applied to the silicon carbide column, at the
other end thereof, by means of a plunger 8
backed by a spring {9. A rigid insulating cylin-
der 20 may be provided to enclose the entire struc-
ture and to provide support for plug (7 at one
end and for pressure spring 19 at the other. This
cylinder is preferabiy constructed of two portions
21 and 22 in threaded engagement with each
other, this arrangement serving the double pur-
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pose of permitting easy assembly of the devive
and of providihg a ready adjustment of the ten--
sion of pressure spring 19, the Jatter being accom-
plished by varying the degree of engagement of
the two sections. Both the plunger 18 and plug
11 may be carried through the end walls of the
insulating cylinder and terminated in some suit-
able terminal arrangement such as lugs 23 and 24
for connection to associated circuit elements. It
will be apparent that several features of primarily
mechanical significance are also found in the
preferred embodiment. - For example, the con-
ductive plunger is provided with a shoulder 2%
which prevents the end of the plunger from being
inserted overly far into container 18. A spring
retaining shoulder 26 is also mounted on plunger
18 for obvious reasons. The inside diameter of
insulating cylinder 20 is preferably considerably
larger than would be required to contain the sili-
con carbide column and its immediate container
16. This makes it unnecessary to maintain very
close tolerances of either the outside of container
{6 or the inside of insulating cylinder envelope
20. If this latter tightly surrounded the former,
unnecessarily close tolerances would, on the other
hand, have to be maintained therebetween, in
order to prevent fracture of container 8.
While these several features are principally

matters of mechanical and manufacturing con-
venience and, conseguently, do not constitute es-
sential characteristics of my invention, there are
& number of others which have a pronounced
effect upon the performance of this regulator in
accordance with my invention. It is toward

5 these significant features that the immediately

subsequent discussion is specifically directed.
To begin with, the silicon carbide granules are
placed in container I8 locsely, that is, preferably,
without an iniervening binding material. In ad-
dition to that, they are “aligned.” By “aligned”
it is meant that they are placed in such relative
positions as to occupy the least practicable vol-
ume for a given weight. This may be accom-
plished, for example, if the filling of the envelope
is carried out while a strong axial electric field is
being- applied to the enveiope and its contents.
Such a field will cause the granules—which may
be regarded as roughly ellipsoidal in overall ap-
pearance and each having several pointed pro-
tuberances—to occupy positions which, on the
average, bring the orientation of their longitudi-
nal axes into coincidence with the field direction
and therefore also with the longitudinal axis of
cylindrical container (6. It should be pointed

5 out, in this connection, that the shape of these

granules is, ordinarily, highly irregular. How-
ever to the naked eye and under low power mag-
nification, they appear as amorphous bodies of
the roughly ellipsoidal form hereinbefore de-
scribed, which are provided with a few pointed
protuberances. Since this macroscopic delinea-
tion is suffic.ent to clarify the various features of
the invention, the physical description of the
granules will be confined thereto. While the
basic phenomena of conducticn which underlie
the principles of operation of such a voltage reg-
ulator are not fully understood, it is believed that
this orientation of the particles results in stat's-
tically bringing the points of the protuberances
of cne into contact with the surface of the ad-
jacent ones, thus establishing an apparently
highly desirable form of point-to-surface contact.
When the silicon carbide granules are thus
aligned, the rezulator exhibits considerably im-
proved regulat.on in the sense that there is con-
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siderably less change In voltage across it for a
given change in current through it, within the
range of application of the regulator. In addi-
tion, this alignment of the granules succeeds in
substantially reducing the tendency of a regu-
lator constructed in accordance with my inven-
tion to exhibit voltage-current hysteresis, this
being a phehomenon characterized in that the
magnitude of the current resulting from increas-
ing the voltage to a predetermined value is dif-
ferent from the magnitude of the current result-
ing from decreas:ng the voltage to the same value.
"' It Is clear that such a phenomenon, which, in
effect, makes the regulating characteristic de-
pendent upon the past history of the regulator,
may be highly undesirable in many applications,
and that its elimination, by virtue of the granule
alignment hereinbefore described, constitutes an
important feature of my invention. It is ap-
parent that alignment within the meaning of the
term as hereinbefore defined may be obtained by
other means thau by application of the afore-
mentioned electric fleld. For example, vibration
applied to container {8 may result in the silicon
carbide granules settling into the desived pai-
tern, as well as s combination of vibration and
application of the electric fleld. Thus, only the
aligned relationship of the granules, as epposed
to the method by which this alignment is at-
tained, iz an essential feature of my invention.

Attention is particularly directed to the fact
that the nature of the container which encloses
the silicon carbide granules plays a significant

-=role in the performance of the regulator, inas-
much as its proper choice also tends to reduce
theé hysteresis effect hereinbefore described. This

_is due to the fact that, if the silicon carbide is
enclosed in a container made of heat insulating

- material, then the temperature at the previously
described point-to-surface contacts between the
individual granules becomes a function of the
previous history of the regulator. Since this
temperature appears to have considerable infiu-
ence on the conductivity, the latter will also be
affected and voltage-current hysteresis result.
On the other hand, the provision of a heat trans-
missive container facilitates the dissipation of
heat from these contacts and renders the con-
ductivity of the regulator more nearly independ-
ent of its past history. It is on the basis of these
considerations that the preferred embodiment,
as hereinbefore indicated, comprises a container
made of a suitable heat transmissive material.

Although silicon carbide granules tend to take
the form of somewhat oblong particles, their size
may be made to vary over a considerable range.
This size has an important, though indirect,
bearing on the regulating characteristics of my
novel regulator. I have found that the regulat-
ing voltage is directly proportional to the number
of grains per unit height of the column, and

. hence indirectly proportional to grain size. Thus
it would appear that decreasing the granule size
would result in increasing the regulating voltage
provided the column height is held constant, and
this assertion is borne out by experimental
evidence.

The current through the voltage regulator, on
the other hand, is roughly proportional to the
number of granules per unit of cross-sectional
area. Thus the conductivity of the regulator de-
creases approximately with the square of the
narrow dimension of the granules. From the
above, 1t is clear that it is a simple ‘matter to

i6

20

30

a5

45

s

‘9,643,468

design a voltage regulator in accordance with
my invention. for any specific application.

- As has been cursorily pointed out hereinbe-
fore, the silicon carbide column is preferably
maintained under pressureé. This may be accom-
plished in any desired manner, as for example,
by means of the arrangement illustrated in and
discussed in connection with Figure 2, where a
spring-ioaded plunger applied a compressional .
force of readily adjustable magnitude. This ap-
blication of pressure may he made to serve an
important purpose in connection with my novel
regulator in that it may, within limits, control

- the regulating voltage of the regulator. It will

be understood that this regulating voltage is pri-
marily a function of the physical dimensions of
the silicon carbide column, particularly when
considered with reference to the size of the in-
dividual granules in the manner hereinbefore de-
scribed. However, by the application of pressure
it is possible to change this regulating voltage
to some extent. In general, increased pressure
causes lowering of the regulating voltage, it being
understood that it is desirable to maintain some
minimuni pressture on the column at all times in
order to insure satisfactory contact between in-
dividusl granvies,

Fingily, meniion should be made of a feature
which hss not been previously treated vecause
it is inherent in the operation of my novel type
of voltage regulator as described in eonnection
with Figure 1. Reference is had to the fact that
some current continuously flows through the reg-
ulator regardless of whether the load is open
circuited or has some finite value of impedance.
This current; termed “stand-by” current, may
constitute a substantial fraction of the total cur-
rent drawn from the power supply, and it inevi-
tably increases, sometimes prohibitively, the cur-
rent requirements of such a supply. It is there-

-fore highly desirable to maintain this stand-by

current at its minimum permissible value for any
glven value of desired regulating voltage. For-
tunately, this is inherently achieved in the pre-
ferred embodiment of my invention. Specifically,
it is the appropriate application of pressure to
the silicon carbide column as hereinhefore de-
scribed, which, simultaneously with its other ef-
fects, results in keeping the value of the stand-by
current at a virtual minimum for any particular
set of operating conditions. . ‘

Although the invention has been described with
reference to a single preferred embodiment, its
principles have been set forth in sufficient detail
to enable those skilled in the art to design and
construct other usetul apparatus embodying these
prineiples and adapted for other particular appli-
cations. Accordingly, I desire my inventive con-
cept to be limited only by the scope of the ap-
pended claims.

I claim:

1. A voltage regulating circuit element com-
Drising: a compact column of silicon carbide
granules of roughly ellipsoidal form, the longi-
tudinal axis of each of said granules being dis-
posed in substantial alignment with the longi-
tudinal axis of said column, and means for apply-
ing a compressionai force to said column.,

2. A voltage regulating element comprising: a
compact column of aligned silicon carbide gran-
ules and a pair of electrically conductive con-
nectors, one -of’said connectors contacting one
end of said column and the other of said con-
nectors contacting the other end of said column.

3. A voltage regulating element comprising: &
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heat transmissive, electrically -non-conductive,

. cylindrical container; a compact column of
aligned silicon carbide granules enclosed within
said container; and a pair of electrically conduc-
tive connectors, each of sald connectors extend-
ing into a corresponding end of said container
and contacting the end of said column adjacent
said corresponding end of said container.

4. A voltage regulating element comprising: a
heat transmissive, non-conductive, open-ended
cylindrical container; a compact column of
aligned silicon carbide granules enclosed within
sald container; an electrically non-conductive
cylinder spaced from said first container; a first
electrically conductive plug extending into said
cylinder and contacting one end of said column,
said plug being provided with a shoulder for re-
taining said plug in fixed relation to said cylin-
der; a second electrically conductive plug extend-
ing into said cylinder and contacting the other
end of said column, said second plug being pro-
vided with a spring retaining shoulder; and a
compressed helical spring arranged in concentric
relation with said second piug and disposed inter-
mediate said spring retaining shoulder and that
wall of said cylinder through which said second
plug extends, said spring applying predetermined
pressure to said column via said second plug.

5, Apparatus according to claim 4 character-
ized in that said cylinder is comprised of two
longitudinal sections, in adjustably threaded
engagement with each other, whereby the degree
of compression of said spring may be varied,
thereby adjusting the pressure applied to said
column via said second plug.

6. A voltage regulator adapted to maintain the
voltage across an electrical load, when in shunt
circuit relation therewith, substantially constant
under varying conditions of supplied voltage and
load current, said regulator comprising: an elec-
trically non-conductive, heat transmissive con-
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tainer, a column of silicon carbide particles lon-
gitudinally enclosed by sald container, an elec-
tricaliy conductive plug closing one of the narrow
ends of said container and intimately contacting
said column, s longitudinally insertable, elec-
trically conductive plug closing the other narrow
end of said container and intimately contacting

said column, and a compressionally adjustable -

pressure spring backing said- insertable plug,
whereby the compressional force exerted on saad
column by said spring via said insertable plug
may be varied.

7. A shunt-type voltage regulator comprised of
a compact column of silicon carbide granules, an
electrically non-conductive, heat-transmissive
container enclosing said column, and a pair of

- conductive elements penetrating said container
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and contacting said column, one at each end
thereof, said conductive elements being adapted
to provide shunt connection of said regulator.

8. Apparatus according to claim 7 character-
ized in that said silicon carbide granules are ar-
ranged and disposed within said container so as
to occupy substantially the least volume per unit
of weight.

CARLO V. BOCCIARELLI.
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