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This invention relates to drivers for developing currents
of substantially rectangular waveform in inductive circuits.
It is particularly adapted to the development of wave-
forms wherein the current flows during the greater portion
of the cycle but is interrupted suddenly for short inter-
vals, the decay and rise times of the interruption being
equally short in comparison with the length of the inter-
ruption, although it can be used for developing pulses
of inverse character; i.e., pulses of short duration inter-
spersed by long intervening periods, or to the develop-
ment of symmetrical waves. Because in practice the de-
velopment of short interruptions in an otherwise constant
current flow is the more difficult to achieve, the inven-
tion will be described in this connection, it being believed
that the variations in operating parameters necessary to
secure other waveforms in inductive circuits will be
apparent to those skilled in the art.

The ability to produce waveforms of this character
is one of the requirements in using the gyromagnetic
effects of ferrites to switch microwave equipment, such
as is employed in radar apparatus. While such use is by
no means the only one for which the invention is adapted,
it is illustrative of the problems the invention is able to
meet and will be used for illustration throughout this
specification.

Among the objects of the invention are to provide
means for developing current waveforms having mini-
mum rise and decay times, the rise times actually de-
veloped being limited primarily by the natural frequency
of oscillation of the coils wherein the waveforms are
produced; to provide a driver for producing such wave-
forms in primarily inductive circnits, wherein the rise
and the decay of current constituting the waveforms are
symmetrical; to provide a driver of the type referred to
wherein the current-supply producing the waveform need
be only very moderate voltage, far less than that neces-
sary to produce similar waves in a load of the same in-
-ductance supplied directly across the circuit; to provide
@ driver that can interrupt the current flow for ex-
tremely short periods and reestablish the flow immediately
at a desired maximum value and maintain the flow sub-
stantially at that value until the next interruption occurs;
to provide a driver of extreme simplicity, using a mini-
mum number of tubes and to provide a driver wherein
the amplitude of the pulses constituting the waveforms
developed is accurately under control.

One type of apparatus wherein rectangular current-
waveforms must be produced in highly inductive circuits
is that wherein the gyromagnetic effects of ferrites are
employed to alter the transmission characteristics of
waveguides. Illustrative of equipment of this class is a
microwave attenuator employing the Faraday effect,
wherein the ferrite element is included in a waveguide
which is connected, for example, to a radio receiver.
When the ferrite is in one magnetic state waves pass
through the waveguide with minimum attenuation and
reach the receiver. When in another magnetic state
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the plane of polarization of the waves passing through
the device is rotated by 90 degrees, with respect to waves
transmitted in the first state, and reach an output wave-
guide so polarized that they are not transmitted but are
either absorbed by a suitable dissipative element within
the device itself or are reflected to be absorbed externally
of the device; in either case they do not reach the receiver.
Such devices may be designed so that the two magnetic
states correspond to equal and opposite polarizations of
the ferrite; it is more convenient, however, to design the
equipment so that in one of the two critical states the
ferrite is substantially completely demagnetized, while
in the other state it is magnetized to a definite degree.
With this arrangement only one value of magnetizing or
polarizing current needs to be accurately controlled; the
other critical state, corresponding to zero current, is effec-
tively built into the device itself. It is a matter of engi-
neering choice whether the equipment be designed so that
maximum attenuation is produced by zero current or
finite current, minimum insertion loss in either case cor-
responding to the opposite condition.

A characteristic use for a variable attenuator of this
type is in connection with “T-R” apparatus in radar
equipment. In such apparatus it is desired to isolate a
radar receiver during the very brief interval when the
transmitter is in operation to radiate the radar pulse..
This corresponds to an interval of a few microseconds at
most and as soon as the pulse is over the receiver is
reactivated as rapidly as possible to receive the reflected
waves. The interval between the transmitted pulses will
be of the order of milliseconds while the duration of
the pulse and inactivation of the receiver is microseconds.,
There is some latitude with regard to the time when the
receiver is isolated, just before the radar pulse is transmit-
ted, but once the transmission is over the soomer the
receiver is again activated the smaller will be the “blind
spot” immediately surrounding the radar equipment and
this is a desideratum.

If the isolation of the receiver corresponds to the mag-
netized state of the ferrite it is relatively easy to secure
reactivation of the receiver with the required speed; one
need only interrupt the current that is flowing to achieve
the required result. It is desirable, however, that the iso-
lation be effective at all times when the apparatus is not
in use, for radar equipments are very frequently closely
grouped and if the receiver is effectively in circuit when
the equipment is idle, pulses from nearby apparatus may
be picked up at such amplitude as to injure the receiving
apparatus. It is therefore preferable that the apparatus
be so arranged that maximum attenuation is produced
when there is no current in the polarizing coil.

Such an arrangement, however, requires that the rise-
times of the current in the coil be very short. The in-
ductance of the polarizing coils in characteristic apparatus
may be anywhere between, say, 15 and 30 millihenrys;
the polarizing currents required may be from 50 to 100
milliamperes. These are characteristic but not limiting
values. It will be seen that to produce current waves of
such amplitudes, in inductances of such values, and the
current ‘having rise times of the order of 0.5 micro-
seconds, requires voltage pulses having an amplitude of
several thousand volts to initiate the currents. The in-
herent resistance of the coils is, however, only a few ohms,
and to maintain the currents, once they have been estab-
lished, requires a few volts at most. Therefore during
most of the cycle the power required is very small.

If a source of sufficient voltage to initiate waves is
provided the greater part of the voltage developed must
be absorbed externally of the apparatus, usually in vacu-
um tubes used for switching purposes. The power dissi-

* pated in the tubes may easily run into the hundreds of -
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watts, requiring large and expensive tubes, to say nothing
of the power wasted. The present invention achieves the
desired results using sources ‘for supplying the currents
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necessary at a few hundred volts at most, and employing .

tubes having no higher tating than are: required in the de-"

flecting circuits of commercial television receivers.
In_ accordance with the present invention. .an auxiliary

inductance, comnvenienily but not necessarily of equal

value to that of the inductor comprising the load, is con-
nected in a series circuit with the source, the load induc-
tor, and switching means such as a tube which is prefer-
ably of the pentode -type,. including in this category the
so-called “beam power” tubes.
cuit,” conniected -between the two inductors. and one end
of the source so as to short out the load inductor and its
switching means, is a branch circuit comprising primarily
a second switching means which may conveniently be of
thé same. type as that used in the series circuit. Means
are provided for actuatmg the switching means to con-
nect, alternatively, the series circuit and the branch cir-
cuit:. Most conveniently this is done by applying pulses in
opposite polarity to the control grids of pentode tubes.
The control pulses may be voltage pulses of substantially
the waveforms desired for.the current waves through the
load coil; they may be developed, for example, through
the two anode circuifs of a-multivibrator. The essential
feature of the arrangement is that the branch circuit be
opened at the instant that the series circuit is closed.
Means are. provided for controlling the currents in the

series  and branch circuits independently. The auxiliary-

coil carries at all times a minimum current equal to the
requisite maximum current through the load. In addition
to. this minimum current through the auxiliary coil there
is. permitted-to build up in it, through the branch circuit,
an ‘additional increment of current of a value such that
at the instant prior to the closing of the circuit through
the Joad coil the product of the incremental current times
the .inductance of the auxiliary coil is equal to, or some-
what.greater than, the product of the load coil inductance
tigies its normal load current; if the two inductances are
equal the maximum current in the branch circuit, imme-

diately before the circuit through the load is closed, will’

be>double the normal load current, the incremental cur-
rent and the load current being equal.

When the apparatus is in operation under the condi-’

tions ‘described, with the desired current flowing in the
load coil, a switching pulse is applied suddenly to inter-

Bridged across this cir- -
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rupt the current through the load.  As a result of this. -

interruption there will be developed across the load coil’
an inductive “kick™; a pulse of voltage whose magnitude.
depends upon the. product of the load current and the .

coil inductarice, divided by the time required effectively
to.‘open the circuit.

but it does not represent a material dissipation of energy.

When current through the load coil is to be re-established, -

the series circuit is suddenly closed and the branch circuit
is simultaneously opened at substantially the same rate.
This reduces the current in the auxiliary coil to its former,
minimum or load-current value and in so doing generates
a:voltage pulse equal to that developed when the current

through the load coil was interrupted. This pulse is of -
just the right value to re-establish the load current through.

the inductance with a rise time substantially equal to the
decay time when the load current was interrupted.”

"The above will be more readily understood from a de-
scription of a preferred form-of the apparatus which. fol-

lows, this description being illustrated by the. accompany- -

ing drawings wherein:

Fig. 1 is a schematic diagram of one preferred embodi-
ment of the invention; and .

"Fig. 2 shows the so-called “plate characteristic curves”

of a type of tube employed in the apparatus 111ustrated in.

Fig. 1.

The tubes or other switching means. -
used must be capable of withstanding this voltage pulse -
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In the speclﬁc apparatus 111ustrated in F1g 1, the load
coil 1, shown in heavy lines, has an’ inductance of 15
millihenrys and is designed for operation with a load cur-
rent of 85 milliamperes. Its conditions of operation re-
quire that the waveforms through it rise from 0 to peak
value in one-half microsecond. For purposes of illustra-
tion it will be assumed that'thé waveform developed in it

is trapezoidal; this will never be quite true but is conven-

ient for purposes of illustration and the departure from
the-simple’ theory based on the assumption of & trape-
zoidal wave will be developed below:

The load-coil is connected in- series with an atxiliary
inductor 3 of equal value to the load coil; i.e., 15 milli-
henrys. The series circuit including the two inductors is
completed through a suitable current source 5 and the
cathode-anode circuit of a tube 7, in this case a beam-
power tube of the tube designated as “6BG6-G.” A vari-
able cathode. resistor 9-is included in the series circuit,
which is shown as completed through ground.. The comn--
trol-grid -of ‘the tube 7 is. biased to ground potential’
through the customary grid resistor ¥1.

A branch-circuit connects to the series. citcuit between
the two inductors and includes a tube 13 of the same type
as tube 7, and like it preferably provides an adjustable
cathode resistor 15 connected to ground.. Like tube 7,
its control grid is biased to ground through the customary
grid resistor 17. The screen grids of both tubes are sup-
plied with their proper operating biases through resistors
19 and 19’ respectively; under certain circumstances these
may be: omitted, depending upon the voltage of the source
5 and the-mode of ‘operation of the apparatus, as will later .
be described; optionally they may be made adjustable to’
control-the tube-currénts instead of or in addition to the
cathode resistors.

Actuating pulses for sw1tchmg the tubes in the series
and branch circuits are in this case provided by a multi-
vibrator 21, connected to apply. equal and opposite volt-
ages to the grids of the respective tubes. The anodes of
the two multivibrator tubes connect through blocking con-
densers.23 ‘and. 25 respectively to the two control grids of
tubes 7 and 13.. The time-constants of the circuits com-
prising conidénser 23—resistor 11 and condenser Z5—re-
sistor 17 must be sufficiently long to hold the respective
tubes below cut-off for the required periods. How long
this shotild be will be discussed hereinafter. Because dif-
ferent modes ‘of operation of the apparatiis require differ-
ent time-constants, an auxiliary condenser 25" is provided
which ‘may be paralleled with condenser 25 to give a long
time-constant or.‘cut out of circuit to give a short one.
Preferably a clamp-circiit comprising a rectifier diode 27
connects from the control grid circuit of tube 13 to a po-
tentiometer 28, connected "across a portion of the source
$§ so'that the clamp voltage may. be adjusted over a range
of ‘perhaps 25-30 volts. This clamp circuit is not strictly
necessary but is convenient in making preliminary adjust-
ments. Also convenient for this purpose is a switch 29,
whereby the diode 27 may be shorted out. A similar
clamp 30.is preferably ‘also included for the grid circuit
of ‘tube 7.

The device illustrated is intended for use with radar
equipment, wherein the load current is-cut off for a
few microseconds out of a much longer cycle of pulse
repetition. The interval between pulses is. not particular-
ly important, since the apparatus.can be adjusted over a
wide range, but for purposes.of: illustration  the period
of repetition will_be taken as. 1 millisecond.: The pulser -
21 is not, strictly speaking,-a part of this invention. That
shown is. assumed-to be a-monostable multivibrator which
is .triggered- through: the line. 31 immediately prior. to
the transmission: of the radar pulse.  In its stable state
this multivibrator -delivers. a- positive pulse through con:
denser .23 .to the grid of ‘tube 7, and, correspondingly,
applies a:negative potential.to condenser 25. When the
multivibrator receives.a.- trigger-pulse it is flipped to: its--
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astable state; applying a positive pulse to tube 13 and'

a negative pulse to tube 7, maintaining this state for
a fixed interval, which depends upon the parameters
and adjustment of the multivibrator, and then returns to
its stable state which it retains for nearly the 1 milli-
second interval postulated, until the next triggering pulse
arrives. Other pulsing methods can, of course, be used;
a bistable multivibrator can be employed and be external-
ly triggered in both directions. The pulses developed by
the multivibrator or other pulsing source 21 must be of
sufficient amplitude completely to cut off the tubes to
which they are applied negatively, swinging the grids to
“cut-off from ground potential at the positive portion of
the cycle; for the particular tubes here used this requires
that the pulses exceed 40 volts in amplitude. Preferably
their amplitudes will be somewhat greater than that bare-
ly required for cut-off, to give a margin of tolerance;
say from 50-65 volts, peak-to-peak.

The apparatus as thus described can be operated in
two somewhat different fashions, which may be desig-
nated, for convenience of reference, as “type I and “type
II” operation. Which type of operation is chosen de-
pends on several factors, of which the most important
is the length of the “off” time during which current
through the load coil is interrupted. - Also involved in
the choice of type of operation is the maximum plate
voltage that the tubes can carry continnously and the
amount of power that they can dissipate safely. Type
I operation is somewhat simpler to explain and will be
described first; it is applicable, in the case of the here-
described apparatus, when the period of interruption of
the load-coil current is greater than 5 or 6 microseconds;
for - heavier currents, higher inductances or both still
longer periods of interruption will be required.

In adjusting the apparatus for type I operation the
time-constant of the grid circuit of tube 13 must be long
in comparison with the pulse repetition, and condenser
25’ is therefore connected in parallel with condenser 25.
A reasonable value for resistor 17 is 100,000 ohms; the
capacity of condensers 25 and 25’ in parallel may be
0.04 nf., to give a time constant of 4 milliseconds. In
setting up the apparatus, with tube 13 cut off, or re-
moved, the cathode resistor 9 is first set so that with the
grid of tube 7 at ground potential the tube carries the
normal load current of 85 milliamperes. With this ad-
justment made, potentiometer 28 is set to ground poten-
tial and with tube 7 out of circuit or cut off the space
current of tube 13 is adjusted to twice the load current
or slightly more; ie., to 170 or, say, 175 milliamperes.
With these adjustments made the apparatus is ready for
pulsing operation.

Under the conditions thus described the voltage from
the source 5, as applied to the plates of the two tubes
would have to be in the neighborhood of 300 volts, which
is that given as the normal operating voltage for the
6BG6-G tubes specified. With the multivibrator 21 in
its stable state, the grid of tube 7 is at its maximum posi-
tive potential, i.e., at ground level, due to the operation
of the clamp 30. Because of the very short duration of
the negative pulses on the grid of this tube, the omis-
sion of the clamp 30 would make very little difference,
since the A.C. axis would lie very close to the maximum
positive swing, but the inclusion of the clamp assures that
minor deviations in amplitude of the driving pulses will
not affect the tube current. When the multviibrator 21
is triggered, tube 7 cuts off and tube 13- becomes con-
ducting. :

By postulate, tube 7 switches from maximum current to
complete cut off in 0.5 microsecond and the rate-of-
change is uniform, so that the rate-of-change of current
in the load coil during the switching period is also sensi-
bly constant.. The inductive pulse developed by this
change of current in the coil is therefore at the rate of
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6
170 milliamperes per microsecond or 170,000 amperes
per second. The voltage pulse developed is
ds
Lz :
or E=.015X170,000=2250 volts, L, being the induct-
ance of the load coil.

At the same instant tube 13 becomes conducting and
the potential of the junction between coils 1 and 3, with
respect to ground, drops to substantially zero, so that
the full voltage of the source 5 is applied across coil 3
to build up the current carried by it.

That this is so will be apparent from the characteris-
tic curves of the tubes employed, as illustrated in Fig. 2:
It will be seen that the curves for each grid voltage, (in-
dicated by the figures adjacent to the curves at the right
of the drawing) consist of two distinct portions; a long
and nearly horizontal portion at the right, representing
the normal operating range of plate voltage, and a very
steep portion at the left side of the figure illustrating the
operating characteristic in the range where the anode
voltage has dropped below the normal operating range.
The slope of each of these portions is proportional to
the effective conductance of the tube at any point chosen;
i.e., the slope of the curves at any point is proportional
to the reciprocal of the dynamic impedance of the tube
at that point. The curves are non-linear and cannot
readily be described analytically. A rough approxima-
tion to the behaviour of the tube in the circuit can be
computed, however, by considering that each curve is
made up of two straight lines, as illustrated by curve 35
in the figure. .

It will also be seen that for plate voltages below the
normal operating range all of the curves tend to merge,
with an average slope, as indicated by the portion 35’ of
the approximate curve, corresponding to a plate resist-
ance of somewhere in the neighborhood of 300 ohms, as
compared to an effective plate resistance of 20,000 ohms
in the operating range. In this steep portion of the curve
the current carried by the tube is nearly independent of
the grid-cathode voltage, whereas in the operating range
the tube current is nearly independent of the plate volt-
age, depending entirely upon the cathode-grid potential.

It will be remembered that it was assumed that in the
preliminary adjustment of the apparatus the cathode
resistor 15 of tube 13 was adjusted so that with the grid -
of the tube at ground potential the current carried was
175 milliamperes, the plate potential being 300 volts.
This corresponds to the point A on Fig. 2, through which
the approximate curve 35 has been drawn.

At the instant that tube 7 was cut off, tube 13 became
conducting, its grid being raised to ground potential but
not higher, due to the action of the clamp circuit includ-
ing rectifier 27. The inductance of the coil 3 prevents
any instantaneous change in current through it, and the
opening of the series load circuit and simultaneous clos-
ing of the branch circuit therefore transfers the current
previously carried in the load circuit to the tube 13. The
voltage across the tube immediately drops to point B on
the true characteristic curve, corresponding to 85 milli-
amperes. This corresponds to a voltage across the ‘tube
of approximately 30 volts, leaving 270 volts effective
across coil 3 to build up the current in it.

Treating the tube impedance as a constant resistance
of 300 ohms, the current builds up at a rate defined by
the well-known equation:

I _Et _B
75='Z—B<1—e L)-}'Ioe L 6))

where i is the instantaneous current, B the voltage of the
source, R the circuit resistance, I the current flowing in
the inductance at the instant tube 13 starts to conduct, e
the Napierian base and ¢ the time elapsing from the instant
conduction starts. Substituting the values already given
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for:the:circtiit parametets and taking # as 5 microséconds;

this equation leads to a-value of 171 milliamperes, i.e., the
current in this per1od reaches double the load current
value.

At this instant the potentlals of the grids of the tubes
again reverse. ‘The voltage pulse developed at the junc-
tion of the two inductors is such as to cause a current
change- ih-each.~ The -change can be expressed by the
equation:

g da @

where L; and L; represent the inductances of the load and
auxiliary coils respectively and ; and i3 represent the in-
staritaneotis-currents. As-L; has been taken as equal to
L, the rates-of-change of current in the two inductances
are-therefore-equal and-opposite: This is the effect that
was desired; ‘current in the load coil builds up to the de-
sited 85 ma. in-0.5 u sec.; and-is restrained from further
increase by the- cathode resistor setting.

‘The-equations given do not represent exactly what real-
ly happens: Although-the resistarice-of the tube remains
sensibly constant -during- the first part of the rise of cur-
rent through-the inductor the curvature of the plate char-
acteristic of the tube represents a gradual increase in the
resistance -and a-slowing- of the current build-up.
branch -circuit -is closed for a period of only 5 microsec-
onds the current will ‘not-quite have reached the double

value ‘desired and the’ voltage pulse will accordingly be
It-will ‘be Temembered, however, that -

somewhat lower.
the voltage pulse is apphed in addition to the voltage
from source 5, which may, in some cases, make up for the
difference.
initiating the current through the load coil is higher than
is "theoretically necessary to cause the:desired short rise-
time, for-as soon as the current starts to flow the control
by tube 7 takes over and limits it to-the desired value.
The-example chosen illustrates; however, the limitation
of-type I-operation. - If the inductance of the load coil
were greater, the desired ‘current greater or the time of

interruption less, the current through coil 3 could not

build-up to the required value in time to generate a pulse
with" the -necessary ‘magnitude -unless the source voltage
weré increased proportionally to any one of the changed
conditions. Such an increase in source: voltage would ex-
ceed ‘the - safe operating voltages for the tube chosen.
These difficulties can be overcome and the use of the ap-
paratus extended by type II operation.

The limitations of type I operation arise from the fact
that the current through the auxiliary inductor 3 must-be
built up_to- double-load-current value in the brief period
during which current through the load coil is interrupted.
If“the inductance is large and the time of interruption

short, voltages in -excess of those than can be withstood

by receiving-type tubes are requlred to-do this. In type
IIoperation this -limitation is avoided by permitting the
increment -of current through ‘the auxiliary coil to build
up during the time when the load coil is carrying currént
but doing this in'a manner that will-not materially change
the-load-coil current.
suddenly to-be caused to conduct while the load-current

was still required- through coil '1, the result would be to.

drop: the voltage at the junction between the two coils
nearly:“to" zero, causing ‘a reversal in voltage gradient
across the load coil so that the current through it would
tend to die out. In type II operation of the present ap-
paratus this is prevented by so limiting the current drawn
through the branch circuit that the voltage drops to the
tubés 7 and: 13 are minimized -and the différential drop

between the two is kept down to a relatively small value.

With:-proper choice of operating- parameters the change
in: current through: the:load-coil ‘dué to the build up of

the current:increment in the-auxiliary coil may-be held to.

If the

It does no material harm if the total voltage -

It will be seen that if tube 13 were
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be-within a: fractlon of- one’ “percent ;of: the total: normal‘z-"

load:

"This- will be-illustrated by an example, usmg the same -
circuit constants as-were .employed- in the previous-illus-

- tration; retaining the same length of current-interruption-
and of -current-flow- through the load coil as in the first il-

lustration but using: only one-half the plate veltage on the
tubes-as- was® assumed in the example previously ‘given.

The’ requirements in -this' case would. be tantamount:to-
‘those: where -the: required -current through- the :load : coil
was doubled- or its:inductance doubled with the same-

current” and voltage

In adjusting the apparatus for type II operation” under, :
these: conditions, the:load: current through tube 7 is first:-
-adjusted-to the desired value-of 85 milliamperes, with the -

grid at ground potential as before. - Since the source volt-

age-has been reduced- this will require a slightly decreased )
cathode resistance, below that required  for the previous-

type operation -but only slightly below, since the adjust:

ment-is” within - the- operating voltage range-of the tube
where “the current - 1s very nearly- independent - of -plate

voltage.-

The settlhg of the cathode resistor of tube 13 i isin thls:
case identical with that of tube7; i.e., the:setting is such .

that both tubes operate-at or very nearly‘at the point. C
of Fig. 2, through. which the fragmentary curve 37 is
drawn.- - It will -be seen that-the point C corresponds to
a negative grid-cathode “voltage of —12.5, substantially.

Since the cathode. is at ground potential this requires that -
the grids be 12%4 volts positive to ground when. the tubes -

carry currents of 85 milliamperes. Each of the two cath-
ode resistors will therefore be-set to a:value of 147 ohms,

Switch 29 is then closed and the potentiometer-28 is-ad--
justed until ‘the current through tube 13 ‘is increased to -

double- the previous value, corresponding to- point D on

curve 35, - The increase in current will raise the-cathode -
potential to 425 volts and since the point D corresponds

to a"grid- voltage of -—4 with respect to the cathode the
contact of the potentiometer will be set at 21. volts posi-
tive'to ground:

In addition to® these: changes switch 26 is opened, re- -

moving-the auxiliary condenser 25’ from the_ circuit and
thus- reducing: the time-constant of ‘the grid circuit from

several -milliseconds, long. in comparison with the pulse '

repetmon period, to a relatively small value, short in com-
parison w1th this perlod say, from one-tenth to one-fifth
as_great. 1
chosen’ would be 200 micéroseconds or one-fifth of the
pulse repetition period.

With: the apparatus thus adjusted the cycle of operation

may be traced in detail, taking as the stant of the cycle
the instant immediately following the cut-off of tube 13,
when normal current has-just been established through
the-load- coil: At this instant- condenser- 25 will ‘have

been charged to a'voltage somewhat negative to cut-off;-

say, —45 to —50 volts,; cut-off value being taken as —40.
The clamp:27 having held the potential of the grid at 21
volts positivé to: ground during the positive . pulse, the

peak-to-peak amplitude of the negative swing must be in"

the neighborhood of 65 volts to accomplish this.
Immediately followirg: this negative swing the charge

on the condenser starts to leak off, through the grid re-’

sistor 17, at a rate dependent upon the time-constant of
the: grid -circuit.
(dependirig upon how far below ‘cut off condenser 25 was
chaiged) the voltage rises to cut-off value, at which instant
the tube starts fo conduct.

Calling the moment at which this induction starts f,, -

the current carried by tube 13 at-any later time # is the
product of the difference between the grid-cathode voltage
and-the grid voltage at cut-off, times the transconductance

gu’ of the tube, the current increasing as the condenser:

chargeleaks off and the grid approaches ground potential:

-The  transcohductance is'not & constant, but:its ‘average:-

A suitable time-constant under the conditions’

At some instant following ‘the cut-off;
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value between the cut-off voltage V, (say, —40 volts)
and the point C of Fig. 2, corresponding to

85X 103

(40—12.5)

S . or 3.08X10-% mhos
Referring the grid potential to ground, however, the feed-
back through resistor 15 raises the cathode potential, as
the grid potential rises, in direct proportion to thé tube
current, reducing the effective transconductance,

85103 ’

40

The Voltage V on the grid at any time ¢ after the in-
stant it has risen.to cut-off is

—v12._5’volts is the fraction

¢'m, 10 =2.12 millimhos.

¢
V="V EC (3)
The tube current at time ¢ is therefore (Vo—V) g’y or

t
i=Vo(1-—e RC)y’m (4)

It will be seen that the equation for the tube current

is of the same form as that of the current in a resistive-

* inductance- circuit, following a suddenly applied voltage.
As viewed from the source 5 the circuit including coil
3 and-tube 13 therefore looks like two inductances in
series with a resistance. At the instant conduction starts
the source voltage divides across the real inductance of
the coil and the apparent inductance of the tube in pro-
portion to their respective magnitudes.

Substituting the values of Vy, g’m and the assumed
time-constant RC (200 10~6 sec.) in Equation 4, the
equation for the tube current becomes

i=85<1 - 82><1_0-4> milliamperes; at

when the rate of tube current is greatest, it is 85X 10~3
X¥2 X 10-4=425 :amperes per second. At the instant
when conduction started, the full source voltage, minus
only a volt or so drop through the resistance of the coil
3, was available across the tube. To supply current
changing at the rate demanded by the tube through the
inductance L3 requires a voltage e=0.015%425=6.375
volts. -

Since the dynamic impedance of tube 7 in the range
in which it operates at this point is approximately 14,000
ohms, the current in coil 1 needs to drop but 0.45 milli-
ampere to bring the plate voltage down this amount, again
to balance the two tubes. Percentagewise, this is only in
the neighborhood of one-half of one percent of the load
current and there are two reasons why the drop is not
actually of this magnitude; first, the drop of itself, by
feedback through cathode resistor 9, effectively raises the
grid voltage and thus increase the conductance of the tube,
and second, while the drop is taking place the rate-of-
change of current through tube 13 is decreasing, decreas-
ing the current demand through coil 3 and therefore the
drop across it. The result is that the decrease of the cur-
rent through coil 1 is only about one-quarter of one
percent. After no more than one or two microseconds
equilibrium is. established, with a difference in voltage
drop across the two tubes only sufficient to equal the
IR drop through coil 1 and in the right direction to
maintain and not decrease the load current.

If- the amplitude of the negative pulse applied to the
grid of tube 13 was sufficient to carry it 5 volts negative
to cut-off, the rate at which the charge leaks off of con-
denser 25 is such as to raise the grid potential the req-
uisite 5 volts to cut-off value in 32.6 microseconds. Start-
ing with this instant as #), this leaves about 970 micro-
seconds for the incremental current through coil 3 and
tube 13 to build up exponentially before the next pulse
occurs cutting off tube 7.  This is 4.85 times the time
constant assumed of 200 microseconds, and hence the.
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increment- of current will have reached 99.23 percent of
its final value at the instant that tube 7 cnts off.

At this instant the grid voltage of tube 13 is simultane-
ously raised to --21 volts with respect to ground, caus-
ing tube 13 to demand an additional 85 milliamperes,
which is supplied by the current previously flowing
through coil 1. By the time the reversal of grid potential
occurs, the voltage on condenser 25 has risen substantial-
ly to ground potential, and the positive pulse, having an
amplitude of 65 volts or so, would swing it far positive
if it were not for the clamp diode 27.

It is not necessary to let the incremental current build
up so nearly to its ultimate value at the instant tube 7
cuts off unless.the period of interruption through it is
relatively considerably shorter than the five microseconds
that has been taken for purposes of illustration. At the
instant tube 7 does cut off the operation of tube 13 trans-
fers from curve 37 to curve 35. Therefore, even if the
current through tube 13 at the instant of the switch was
considerably below the desired value, the switch will re-
sult in the voltage across the tube dropping along curve
35 well toward or onto the steep portion of the curve and
the final increment of current through coil 3 can take
place in a manner substantially similar to type I opera-
tion. There may, in fact, be considerable advantage in
permitting the final build-up of incremental current to oc-
cur during the time that tube 7 is cut off.

The preceding explanation has been on the assump-
tion that the current waveforms through the coil 1 were
truly trapezoidal. For this to be the case would require
that coils 1 and 3 were without distributed capacity and
that there were no other stray capacities in the circuit,
which is impossible in physically realizable apparatus.
Because of these capacities the current flow through the
inductors does not cease immediately when the tube
controlling it becomes non-conductive; current continues
to flow until these capacities are charged, this requir-
ing one-quarter cycle of the natural period of oscilla-
tion of the coil, as determined by its inductance and
these capacities. v

The capacities charge to a voltage determined by the
actual rate of cut off. While the current continues to
flow through coil 1 during the charging period, the cur-
rent is mot available to supply that demanded by the
tube 13 when operating in its mormal range, and the
voltage across it therefore drops to a very low value.
This will be the case even if type II operation is that em-
ployed. During the next quarter-cycle the capacities
discharge back through the coil, reversing the current
through it until discharge is complete. If tube 13 has
not yet reached its full current-carrying capacity by the
end of the second quarter cycle when maximum reverse
current is flowing, it will absorb the reflected current
and “snub” further oscillation. _

Experience has proved that a single half-cycle of re-
verse current can be of value in demagnetizing a ferrite
more rapidly, but continued oscillation is disadvanta-
geous. The drop in voltage across tube 13 during the
first quarter cycle of oscillation does cause - a momen-
tary increase in the voltage across coil 3 and thus tend
to build up the current through it somewhat more rap-
idly than the analysis given above would indicate. The
fact that the current through coil 3 may be somewhat
greater than double the load current does no particular
harm, however, because when the cut-off of tube 13
initiates the wave through inductor 1 the current it car-
ries is limited by tube 7 and the most serious result
to be expected is a. slight oscillation of both coils, the
magnitude of which is dependent on the magnitude of
the excess current. In any event it is small in compari-
son with the amplitude of the load current.

The sudden cut off of tube 13 also results in a charg-
ing of its associated capacities. The decrease of current
through coil 3 is therefore not instantaneous, even if
the tube cut-off could be so, but is gradual to the extent .
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that it- takes a“finite -period:for the capacities”to charge.

The discharge: results-in a flow “of* current both ways.

through coils ‘1" and - 3; the flow through coil T i§ ‘what

initiates the- current-through it; the condenser discharge:

through coil 3 is what- reduces the -current in it fo nor-
mal load current value. It does not build up any mate-
rial oscillation unless the incremental -current was per-
mitted to build up to a materially higher value than that
required.

It will be recognized that in the analysis given above

10

the results are approximate at best, owing to the fact

that the various voltage-current relationships involved

were treated -as linear, whereas, except for the drops:
through - the cathode resistors, this -is not, in fact, the -

case. Nonetheless the approximations are not of a
greater order of magnitude than are involved in the as-

sumption that any individual tube responds accurately

to the characteristics of the average tube, nor are they
so large that they cannot readily be compensated by
minor adjustments of circuit parameters.

Numerous - modifications can be made in- the appa-
ratus-thus shown and described. -It is by no means neces-
sary that the inductance of coils 1-and 3 be equal; for
a given source voltage effective across coil 3, the build-up
of- current through it when. tube 13 starts to conduct

- will vary inversely as the inductance. Since when coil
3 is cut off the voltage pulse developed by coil 3 will-

be -very nearly proportional to- the incremental current
times . the ‘inductance of the -coil, the result will be sub-
stantially the same-irrespective of its-inductance; so long
as: it-is- of: approximately the ‘same-order of-magnitude
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as-that-of -coil" 1; it-is made equal in-value only as-a -

matter of convenience -and because its' natural perlod
will:-then - correspond ‘most- closely to -that of coil- 1,
which results-in optimum rise and decay trmes -of the
currents: -

35

For type I operatron it is -not necessary that any cur-

rent-limiting device be-included-in -the- branch circuit.
The cathode of tube 13 can be operated at ground poten-
tial and if the voltage applied to the plate of this tube
from the 'source 5 'is-properly coordinated with the pe-
riod during- which the tube is conducting, the increment
of current can be made to reach its proper-value at: the
instant the tube’ cuts- off:  Under these circumstances

tube: 13- will -operate on the steep portion of its curve

during-the-entire period -it-is conducting -and there will
be no -negative feedback to reduce the effective: mutual
conductance of the tube. Hence the “build-up” will be
more rapid- than - would ‘otherwise - be -the -case.
feedback feature can -also be ‘omitted in the series. cir-
cuit,’ although-in - thxs ‘branch some form  of current-
limiting -device is necessary - This may, however, be
the - resistor - 19;-if it is of the proper value the cathode
of the tube can be operated at ground potential and the
current- limited by the effective voltage of the screen
grid.  This- arrangement has the advantage of increasing
the- effective transconductance -of the tube: It is not so
advantageous 'in type II operation since it prevents the
partral compensation through feedback of the slight drop
in: plate potential that occurs when tube 13 starts to
conduct.-

The
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‘When using-type II operation resistor 19’ ‘may also be -

vsed-to limit the incremental -current through-tube 13
prior - to-the -cut -off of tube 7. This also increases the
effective -transconductance of - the-tube and reduces the
voltage necessary-to cut it off.

65

Either- or both-of the clamp circuits- 27 -and 30 can”

be- omitted in -some- circumstances; although - they .are

always--desirable- as - they make - the .amplitude- of "the -

driving - pulsés’ from-'the  multivibrator . 21" non-critical.-

In their absence,.the grids- of -the tubes:will in- all cases
be- efféctively - biased- to ground poténtial: - With rela-

70-

tively-very: short ‘pulses the A.C. axis of both tubes will -

then be-very near ground and-for-tube 7 this i5 substan--
tially:the-¢ase in-any event; the: presence or absence of-

75

thé~ clamp- 30 -makes “very ‘littlé - difference.:-

With this-

type of operation;:however,  the ‘clamp 27 is: a-practical -

necessity, for to swing the grid to cut off during the

long period between . pulses would- require: the - pulses-
~be of enormous value:

Where the off and on periods
of tube 7 approach equality, however, clamp 27 can be

omitted at the expense of requiring pulsmg at greater

amplitude -and less ready adjustment prior to operatron.m

Other arrangements are possible that would place the

coils in series, and the branch circuit across the auxrhary
coil and the source, but most of them are relatively in-
convenient.

Most arrangements for’ provrdrng rectangular wave
shapes in inductive circuits are limited by the drssrpa-

tion permissible in the tubes used. The tube carrying
current through the load has beeii subjected to most

severe duty, since, except during the interval when the
current is rising, almost the ‘entire voltage of the source
is-effective ‘across the tube:
effective with the present invention should be evident
from what has been said-above. The total power that
must be dissipated in the two tubes is nearly the same,
irrespective” of whethier ‘type-I of type II-opefation :is

That this limitation s also -

employed: - With short periods-of -interruption; intype-
1 operation, substantially the- entire duty :falls-.on’ the -

tube in- theé- series -circuit, that:in the branch-circuit®

carries ~current only during-a very small’ fraction :of -

each cycle.” In:type Il operation the-duty-is divided -bé-

tween the two tubes.

As shown above the source voltage*
can be greatly reduced; in" theillustrative: case it is cut’*

in half, and therefore the ‘duty on‘tube 7 is reduced by *

the same factor, the current carried being the same:in
both cases.

Tube 13, however, carfies nearly the same’"

current during the greater portion of: the cycle ‘and the ;

dissipation required of it is mearly identical with that of
tube 7. This permits the use of smaller tubes.
If the off and on 'periods of load curfent are more

nearly equal or if, though’unequal, the off period-is~
Ionger, it is possrble to substitute’ triodes” for pentodes

in"typé I operation.

In ‘type II opération- the use of "
pentodes (or beam power tetrodes, whlch operate m‘."

renit’is to be kept within the very small range desired- for'”
the purpose here described: In the choicé of tubes for

the purpose the preference is for the tube havmg the*'

highest dynamic 1mpedance within the operating tange

as’ this' involves ‘minimum current change” to compen-"

sate- for the drop in‘voltage when the branch circuit tube""

starts to conduct.

Other points’ to be considered "are,~
of course; the ability of the fubes to withstand the pulse”™’
voltages developed when the tubes ‘are cut off ‘and: their

current carrying capacities. Substantially any of the tubes "
designed for - dri'ving ‘the ‘horizontal ‘scanning- circuits” of -

television receivers' can-be used if they meet- the requires"

ments above set forth.”

The apparatus is thus capable of numerous- imodifica:
tions and -the- particular arrangements and vahies™de<"
scribed -in* detail “are' inténded to be illustrative  and not
as limiting the scope ‘of the invention; all intended limita=""

tions® being"set’ forth' in‘the- claims which follow.
I claim:

1. A driver: for developrng substantially rectangular'j
current wavés in- an - inductiveload - comprisingan in<
ductor; acurrent‘source and-a- pentode- ‘connected to said-

load to form aseries circuit therewith,-a second pentode™

connected to: form:a- branch circuit connectmg ‘from be-

tween said inductor and-said-load across said inductor and"’
said’ source, . pulsing’ means -adapted- to- develop siniil-"
taneous voltages of opposite polarity, connections-inctad-"

ing - blocking condensers- for applying- said: voltages pee

spectively to the-control’ grids of each:of ‘said’ pentodes~-~:

to interrupt current: therethrough when’ applied negatively,:

grid resistors connected to bias said control grids; a clamp -

circuit -connecting.'to the’contro] -grid ‘of :said' second
‘pentode-to-limit: the-positive-voltagé applied-thereto-and -
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hold said second pentode in cut-off state for a period de-
termined by the time-constant of said blocking condenser
and grid resistor connected thereto, and means for limit-
ing the current through said first mentioned pentode to
a desired value.

2. The invention as defined in claim 1 wherein said
current limiting means comprises a cathode resistor con-
nected in series with said first pentode and including in
addition, a like cathode resistor in series with said second
pentode.

3. The invention as defined in claim 2 including means
for adjusting said clamp circuit to vary the maximum
positive voltage applied to the control grid of said sec-
ond pentode.

4. The invention as defined in claim 3 wherein said
pulsing means is adapted to reverse the polarity of the
voltages applied to the respective control grids of said
pentodes at a substantially constant repetition period and
the time-constant of the blocking condenser and grid re-
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sistor connecting to said second pentode is short in cof-
parison to said repetition period.

5. The invention as defined in claim 2 wherein said
pulsing means is adapted to reverse the polarity of the
voltages applied to the respective control grids of said
pentodes at a substantially constant repetition period and
the time-constant of the blocking condenser and grid
resistor connecting to the control grid of said second
pentode is long in comparison with said repetition period.
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