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ABSTRACT: A circuit for driving an inductive load, such asa
solenoid, so as to minimize the solenoid power consumption.
The circuit parameters are selected so as to apply a driving
voltage to the solenoid until the solenoid current exceeds the
“pull-in” current. Then the circuit automatically terminates
the driving voltage and the current through the solenoid is per-
mitted to decay to a value just exceeding the “drop-out” cur-
rent. The circuit then continues tc cycle on and off to al-
ternately drive current through the solenoid and permit it to
decay while always maintaining the solenoid current in excess
of the drop-out current but considerably below the pull-in cur-
rent. This cycling continues until the solenoid activate switch
is opened.
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DRIVE CIRCUIT FOR MINIMIZING POWER
CONSUMPTION IN INDUCTIVE LOAD

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract and is subject to the
provisions of Section 305 of the National Aeronautics and
Space Act of 1958, Public Law 85-568 (72 Stat. 435; 42 USC
2457).

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to circuits for driving induc-
tive loads, such as solenoids, and more particularly, to such a
circuit which minimizes solenoid power consumption while
maintaining the solenoid in an activated state.

2. Description of the Prior Art

There are many applications, of course, in which a valve or
other mechanism is actuated in response to the energization of
a solenoid. For example only, many valves are solenoid con-
trolled such that the valve is opened (or closed) when the sole-
noid is energized or closed (or opened) when the solenoid is
not energized. In such arrangements, in order to maintain the
valve opened for a certain interval, it is the normal practice to
drive current through the solenoid until the “pull-in” current
level is exceeded and the valve opens and then to maintain this
current level for the full interval. In many applications, where
power consumption is not critical, this constitutes a very
satisfactory technique for operating the solenocid.

However, in certain applications where power consumption
is a significant factor, it is inefficient to maintain the pull-in
current level through the solenoid for the entire interval.

OBJECTS AND SUMMARY OF THE INVENTION

In view of the foregoing, it is an object of the present inven-
tion to provide a circuit useful for energizing a solenoid and
for minimizing the power consumption therein.

It is a more particular object of the present invention to pro-
vide a drive circuit for maintaining the current through a sole-
noid at a level in excess of a drop-out current level but con-
siderably below a pull-in currentlevel.

Briefly, a drive circuit is provided in accordance with the
present invention for applying a drive voltage to a solenoid
until the solenoid current exceeds a pull-in current level.
Thereafter, the circuit automatically terminates the drive voli-
age and the current through the solenoid is permitted to decay
to a value just exceeding a drop-out current level. The circuit
then begins to cycle, alternately supplying current to the sole-
noid and permitting the solenoid current to decay, while al-
ways maintaining the solenoid current in excess of the drop-
out current level and considerably below the pull-in current
level.

In a preferred embediment of the invention, the solenoid is
connected in a series path between a transistor switch and 2
resistor with the path being connected across a source of
potential. Voltage comparison means are provided for moni-
toring the voltage across the series resistor which is, of course,
indicative of the current ievel through the solenoid. The volt-
age comparison means functions initially to compare the volt-
age across the series resistor with a first threshold level related
to the pull-in current level and subsequently to compare it
with a second threshold level related to the drop-out current
level. If at any time the series resistor voltage is less than the
threshold established at that time, the voltage comparison
means closes the series transistor switch to supply more cur-
rent to the solencid. When the voltage across the series re-
sistor then exceeds the threshold, the voltage comparison
means opens the series switch to permit the solenoid current
to decay. The solenoid current range beiween opening and
closing of the series switch is determined by a positive feed-
back resistor. Thus, the circuit continues to cycle as long as
the potential source remains connected across the series path.
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In accordance with a significant featurs of the preferred em-
bodiment of the invention, means are provided to initially
establish 2 first high threshold to thus permit the current level
through the solenoid to build up to the pull-in current level.
Thereafter, a second lower threshold is automatically
established to maintain the solenoid current at 2 level below
the pull-in current level but in excess of the drop-out current
level. In accordance with a further feature of the of the inven-
tion, a positive feedback path is provided to establish the sole-
noid current level range for opening and closing the switch in
series with the solenoid thus also establishing the cycling rate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating a preferred em-
bodiment of the invention;

FIG. 2 is a waveform chart illustrating the voltage at the
upper terminal of the solenoid of FIG. ; and

FIG. 3 is a waveform chart illustrating the current through
the solenoid.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Attention is now called to FIG. 1 of the drawing which ilivs-
trates a preferred drive circuit embodiment in accordance
with the invention for supplying current to an inductive load
device such as the solenoid 10. As is well known, it is normally
necessary to provide a higher level pullin current to a sole-
noid, e.g., in order to actuate a valve mechanism, than it is to
maintain the valve mechanism actuated. That is, once the pull-
in current level through the solenoid has been excesded, it is
only necessary to maintain the solenoid current in excess of a
drop-out level in order to maintain the actuation of the
mechanism controlled by the solencid. The drive circuit of
FIG. 1 operates to initially establish a current through the
solenoid 10 in excess of the pull-in current level, and
thereafter maintain a current through the solencid con-
siderably below the pull-in current level but always in excess
of the drop-out level.

The circuit of FIG. 1 includes a first series path including a
resistor 12 connected in series with the solenoid Q. In addi-
tion, the emitter collector path of a first transistor switch Q1 is
connected in series with the solenoid 10 and resistor 12. A
voltage is applied across the series path including the solenoid
10 by closure of a solenoid activate switch 14. More particu-
larly, the single-pole, single-throw switch 14 comnects the
emitter of transistor Q1 to a source of positive potential 26.
The lower terminal of resistor 12 is connected to ground ter-
minal 16. ’

Unless otherwise stated, it will be assumed that the solenoid
activate switch 14 is always closed. With switch 14 closed,
current will be conducted through the solenoid 10 if the
transistor switch Q1 is forward-biased. Transistor switch Q1 is
controlled by tramsistor Q2 which, as will be seen hereinafter,
functions as a voltage comparator. The emitter of transistor
Q2 is connected to the junction between the solenoid 10 and
resistor 12. The collector of tramsistor Q2 is connected
through resistor 20 to the base of transistor Q1.

The transistor Q2 functions as a voltage comparator to com-
pare the voltage at the junction between solencid 10 and re~
sistor 12 with a threshold voltage applied to the base of
transistor Q2. As will become more apparent hereinafter, a
first higher threshold level is initially applied to the base of
transistor Q2 to permit the current through the solenoid 10 to
build up to the higher pull-in current level. Afier the pull-in
current level has been exceeded, a second lower threshold
fevel is applied to the base of transistor Q2.

The components for establishing the threshold levels at the
base of transistor Q2 includes a capacitor 22 whose upper ter-
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switch 14. Junction 26 is connected through resistor 32 to the
base of transistor Q2. The base of transistor Q2 is connected
to ground through a zener diode 34.

In addition to the foregoing components, the base of
transistor Q2 is connected through a positive feedback resistor
36 to the junction between the collector of transistor switch
Q1 and the solenoid 10. Diode 38 connects the lower terminal
of capacitor 22 to this junction which, for convenience, will
hereinafter be referred to as point A. Diode 40 connects the
lower terminal of capacitor 22 to ground terminal 16.

In considering the operation of the circuit of FIG. 1, initially
assume that the solenoid activate switch 14 is open and that
the capacitor 22 is completely discharged. When the solenoid
activate switch 14 is then closed, a large current will initially
flow through capacitor 22, diode 24, and resistor 28 to thus in-
crease the potential on the base of the NPN transistor Q2. The
zener diode 34 will clamp the potential rise on the base of
transistor Q2 to a certain level which will be assumed herein to
be +6.6 volts. In any event, this current provided to the base of
transistor Q2 will forward bias transistor Q2 and in turn for-
ward bias transistor Q1 to thus provide current flow through
solenoid 10 and resistor 12. As the solenoid current level in-
creases, the voltage across resistor 12 will also increase to thus
raise the potential on the emitter of transistor Q2. When the
potential on the emitter of Q2 closely approaches the first
threshold level of +6.6 volts established by the zener diode 34
on the base of transistor Q2, transistor Q2 will cut off and in
turn cut off transistor Q1. With transistor Q1 cut off, the +26
volts driving voltage will no longer produce a current flow
through solenoid 10. However, as is the case with all inductive
loads, the current therethrough cannot be immediately ter-
minated. Thus, the energy stored in the solenoid 10 produces
a current around the loop including resistor 12, zener diode
34, and resistor 36. As should be apparent, this forces the
potential at point A to a slightly negative value equal to the
sum of the forward drop across zener diode 34 and the drop
across resistor 36. As a consequence of the potential on point
A going negative, capacitor 22 will further charge to thereby
establish a level thereacross in excess of the +26 volts pro-
vided by the power supply. This additional charging of the
capacitor 22 effectively biases the capacitor 22 out of the cir-
cuit so that is thereafter no longer has any influence, that is at
least until switch 14 is opened and again closed to start
another operation.

With capacitor 22 effectively out of the circuit, the voltage
divider comprised of resistors 28 and 30 will establish the
potential on junction 26 which thus constitutes a second
threshold level lower than the level initially established by the
circuit path through capacitor 22. As the current provided by
the energy stored in solenoid 10 decays, the potential at the
emitter of transistor Q2 will also decrease. When it falls below
the level established at the base of transistor Q2 by the re-
sistors 28 and 30, transistor Q2 will become forward biased
and thus will close transistor switch Q1 to again supply current
to the solenoid 10. As the current through the solenoid 10 in-
creases, the voltage across the resistor 12 increases to the
point of again cutting off the transistor Q2. The width of the
current level range between the upper and lower current
levels through the resistor 12 which respectively produce con-
duction and cutoff in the transistor Q2 is determined by the
value of the positive feedback resistor 36. When transistor Q1
is conducting, resistor 36 feeds back a portion of the +26 volt
level at point A to the summation point at the base of
transistor Q2. When transistor Q1 is not conducting, resistor
36 feeds back a portion of a slightly negative potential at point
A to the base of transistor Q2.

In view of the foregoing, it should be apparent that the cir-
cuit will continue to cycle with the transistor switch Q1 being
closed each time the voltage across resistor 12 decreases to a
level below the threshold established at the base of transistor
Q2 by voltage divider resistors 28 and 30 and feedback re-
sistor 36. When transistor switch Q1 closes, the current
through solenoid 10 and resistor 12 will then increase to soon
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thereafter cut transistor Q2 off. This cycling will continue for
as long as switch 14 remains closed, When switch 14 is
opened, the capacitor 22 is discharged through the solenoid
10, resistor 12 and diode 40.

The waveform chart of FIG. 2 illustrates the voltage at point
A and the waveform chart of FIG. 3 illustrates the current
through the solenoid 10. Assume that switch 14 is closed at
time 10. As has been explained, the current through the sole-
noid from the capacitor 22 charges quickly until time ¢1. The
small valley 50 in the current curve represents a change of in-
ductance through the solenoid as the armature thereof is
pulled in. At ¢1, the voltage across the resistor 12 is built up
sufficiently to cut off the voltage comparator transistor Q2 to
thereby drop the voltage at point A to some negative value.
When the current decreases to level illustrated at time ¢2, the
voltage comparator A2 will then begin to conduct and close
transistor switch Q1 to thereby again force the potential at
point A up to approximately 26 volts. The circuit will then
continue to cycle as illustrated by FIGS. 2 and 3 until switch
14 is opened at time ¢tn when the charge stored in capacitor 22
will be discharged through the solenoid.

The cycle rate is determined by the value of positive feed-
back resistor 36. That is, if the value of resistor 36 is small, its
influence is great causing a wider current range between con-
duction and cutoff of transistor Q2 and thus a lower cycling
rate. On the other hand, if the value of resistor 36 is very high,
it will have little influence and thus the second threshold will
be very sharply established almost solely by the voltage divider
resistors 28 and 30. In this case, the width of the current level
range between conduction and cutoff of transistor Q2 will be
very small and thus the cycle rate will be very high.

From the foregoing, it will be recognized that a circuit has
been disclosed herein for driving an inductive load, such as a
solenoid, and for minimizing power consumption within the
load. Power consumption is minimized by permitting the in-
ductive load current to build up to a pull-in current level but
to thereafter maintain the current through the inductive load
at a level substantially below the pull-in level and always
above a drop-out current level. During this latter phase of
operation, the circuit cycles between solenoid current charg-
ing and decaying states. Although the waveforms of FIGS. 2
and 3 illustrate an exemplary circuit operation in which the
duty cycle, i.e., percentage of the total time that the drive volt-
age is supplying current to the solenoid, is in the order of 33 %
percent, embodiments of the invention can operate with as
greatasa 10:1 power saving. Table I set forth hereinafter illus-
trates component values utilized in a typical embodiment of
the present invention:

TABLE 1
Capacitor 22____________________ microfarads._ . ____ 2
Resistor 28___________________________ ohms_____ 5k
BERIBIor 30 . v s e s came s s e do..__50k
RieSISTOr B2L < cucrsmmms mam smmimm somm s s do____10k
RESISIOT 301 . - oo mnvms s e e e do___500k
BeSISEOT Q0L o - cmmimm i e i v i i do____10k
RESISEON 120 o i mim cimim S i i i do____100

Although particular embodiments of the invention have
been described and illustrated herein, it is recognized that
modifications and variations may readily occur to those skilled
in the art and, consequently, it is intended that the claims be
interpreted to cover such modifications and equivalents.

I claim:

1. A drive circuit useful in combination with an inductive
load for supplying current thereto, said drive circuit compris-
ing:

a switch;

aresistor;

means for connecting said switch and said resistor in series

with said inductive load across a source of potential;
voltage comparison means for comparing the voltage across
said resistor with a threshold voltage signal;
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means responsive to said voltage comparison means indicat-
ing said voltage across said resistor is less than said
threshold voltage signal for closing said switch and to said
voltage comparison means indicating said voltage across
said resistor is greater than said threshold voltage signal
for opening said switch;

means for initially establishing said

at a first level; and

means responsive to said switch opening for establishing

said threshold voltage signal at a second level lower than
said first Jevel.

2. The drive circuit of claim 1 wherein said switch com-
prises a first transistor having a base, a collector, and an
emitter; and wherein said means for connecting said switch in-
cludes means for conmecting the emitter-collector path
thereof in series with said resistor and inductive load.

3. The drive circuit of claim 2 wherein said voltage .com-
parison means includes a second transistor having a base, a
collector, and an emitter:

means coupling said second transistor emitter to said re-

sistor;

means coupling said second transistor collector to said first

transistor base; and

means for applying said threshold voltage signal to said

second transistor base.

4. The drive circuit of claim 1 including current decay path
means for closing a conductive path solely around said induc-
tive load and said resistor.

5. The drive circuit of claim 1 wherein said means for
establishing said threshold voltage at a second level includes
feedback means responsive to the state of said switch.

6. The drive circuit of claim 1 wherein said means for ini-
tially establishing said threshold voltage signal includes circuit
path means connected across a source of potential and com-
prised of a capacitor connected in series with a first voltage di-
vider resistor for establishing said threshold voltage at the
junction therebetween.

7. The drive circuit of claim 6 including a second voltage di-
vider resistor connected in parallel with said capacitor; and
wherein said means responsive to said switch opening includes
means for charging said capacitor to store a voliage
thereacross in excess of that supplied by said potential source.

8. The drive circuit of claim 7 wherein said switch com-
prises a first transistor having a base, a collector, and an
emitter; and wherein said means for connecting said switch in-
cludes means for comnecting the emiiter-collector path
thereof in series with said resistor and inductive load.

®. The drive circuit of claim 8 wherein said voltage com-
parison means includes a second transistor having a base, 2
collector, and an emitter;

means coupling said second transistor emitter to said re-

threshold voltage signal
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sistor;
means coupling said second transistor coll
transistor base; and
means for connecting said junction between s
and said first voltage divider resistor
transistor base.
10. The drive circuit of claim 2 including means for ¢l
ing the potential applied to the base of said seco
11. In combination with a solenoid, a drive ¢
plying current thereto up to a “pull-in " level
maintaining a current therethrough just in ¢
out” level lower than said “pull-in” level, said d
comprising:
means for connecting a voltage source across said
means for monitoring the current lev
noid and for initially comparing
corresponding to said “puli-in” ¢

WE Ciyen

solencid;

1¢
means responsive o said current Jev
exceeding said first threshold for dis
age source from said solenoid; -
means responsive to the current level thro
decaying to a level just in excess of sai
for connecting said voltage source across
said means for monitoring including mea;
comparing the current level t
second threshold lower than «
means responsive to said curre
exceeding said second threshol
voltage source from said sclenc

12. The combination of claim 1
connecting said voltage source across said so
first transistor having a base, a collec
means for connecting the emitter-co
transistor in series with said solenoid.

13. The combination of claim 11 whereir
means includes a resistor connected in
noid and voltage comparator means respor
across said resistor.

14. The combination of claim 11 includi
tially establishing said first threshold inch
means connected across a source of potent
of a capacitor connected in series with & {i
resistor for establishing said first threshold
therebetween.

15. The combination of claim 14 including n
sequently establishing said second threshold a
including means for charging said capacito
thereacross in excess of that supplied by sa

16. The combination of claim 15 includi
sistor coupling one terminal of said solenocid o






