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ABSTRACT: A high-power square wave generator employing
a transformer, the core of which has a rectangular hysteresis
loop and the center-tapped primary winding of which com-
prises a pair of triggered gas discharge tubes. Alternate firing
of the discharge tubes induces a square wave in the transfor-
mer’s secondary winding. The device may be utilized as the
power carrier source for very-high-power carrier amplifiers of
the silicon controlled rectifier, thyratron, or magnetic amplifi-
er type. An alternate embodiment employs a nonsaturating
ferrite core in lieu of a rectangular loop core, and an auxiliary
gas discharge tube shunted across the secondary winding for
switching control.
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HIGH-POWER DIRECT-CURRENT TO SQUARE-WAVE
CONVERTER UTILIZING AN INDUCTIVELY COUPLED
GAS DISCHARGE TUBE

BACKGROUND OF THE INVENTION

Power amplifiers operating from an AC carrier source have
a very favorable reliability/cost compromise as compared with
other types of power amplifiers, and also exhibit especially
favorable flexibility in operating conditions. Heretofore, a
practical limitation on the output power of carrier type am-
plifiers has been the source of high-frequency carrier power.
Also, the speed of response of such amplifiers is often severely
limited by the frequency of the AC carrier power source,
because the speed depends upon the period of the AC carrier.
Vacuum tube and transistor amplifiers have been found im-
practical in certain very-high-power applications (e.g., hun-
dreds of kilowatts of output power) and conventional mag-
netic amplifiers have generally failed to overcome like short-
comings due to the aforementioned limitations.

There is provided by the present invention a novel and im-
proved square wave generator suitable for use as a source of
very-high-power carrier power, or AC operating power, for
magnetic amplifiers and the like. Typically, carrier powers in
the range of 100 kilowatts and frequencies up to about 100
kilohertz can be readily obtained. Carrier-type amplifiers in-
corporating the novel carrier generator of the present inven-
tion may be used as modulators, as very-low-frequency radio
transmitters, as exciters for large sonar arrays, and as exciters
for shaker motors. The novel power source of the present in-
vention comprises a transformer having a core of square-loop
hysteresis material and a pair of triggered gas discharge tubes,
of opposite polarities, inductively coupled to the core to serve
as a centertapped primary winding. Each gas discharge tube
functions as a section of the primary winding of the trans-
former only when it is ionized. An inductor is placed in series
with each discharge tube and the supply voltage appears
across the inductor instead of the tube, thereby extinguishing
the tube, once the core goes into saturation. Hence, a square
wave is produced when the two tubes are alternately fired by
an associated trigger circuit. The cyclical energization of the
two primary windings causes the core to be cycled around its
hysteresis loop. The output power is in the form of a square
wave which is obtained from a secondary winding inductively
coupled to the core.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified schematic circuit diagram of a square
wave generator constructed in accordance with the invention.

FIG. 2 is a graphic representation of the induced flux densi-
ty (B) versus the magnetizing force (H) characteristics of the
core material employed in the transformer of FIG. 1.

FIG. 3 is a simplified schematic diagram of an alternate em-
bodiment of a square wave generator in accordance with the
invention, employing a nonsaturating ferrite core in lieu of a
rectangular-loop core, and which employs an additional gas
discharge tube across the output.

FIG. 4 is a schematic circuit diagram of a carrier amplifier
constructed in accordance with the invention, and which em-
ploys a pair of square wave generators of the kind shown in
FIG. 3.

FIGS. 5—8 illustrate various waveforms related to the func-
tioning of the circuit of FIG. 4.

FIG. 9 is a block diagram of a trigger circuit suitable for use
in amplifier systems constructed in accordance with the inven-
tion.

FIG. 10 is a block diagram of an alternate trigger circuit.

FIG. 11 is a block diagram of a second alternative trigger
circuit.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

The square wave generator shown in FIG. 1 comprises a
transformer, the core 1 of which is made of a material having a
rectangular hysteresis loop. Two gas discharge tubes 2 and 3
are inductively coupled to core 1 and serve as primary trans-
former windings. Each of the primary windings (2 and 3) are
connected in series via junction 4. Ignition extinguishing in-
ductors § and 6 are connected in series between respective
ones of tubes 2 and 3, and a constant voltage DC power
supply. Terminal 7 connects to the positive DC supply and ter-
minal 8 connects to the negative DC supply. Secondary wind-
ing 9 is inductively coupled to core 1 of the transformer. The
output square wave power is obtained via terminals 11 and 12
which connect to secondary winding 9.

Since the present invention is dependent in part upon the
properties of gas discharge tubes, the following description of
their characteristics will be useful in comprehending the in-
vention. It is characteristic of cold cathode gas filled discharge
tubes that the voltage required to initiate a discharge between
two electrodes depends upon the nature and pressure of the
gas, its state of ionization, the shape and material of the
discharge electrodes and the distance between them—the gap
length. Hereinafter, this voltage is referred to as the “ignition™
voltage. At low interelectrode voltages, negligible current will
flow if the gas is initially deionized. As the voltage is increased
slowly the molecules of the gas become ionized, until even-
tually a discharge is set up with a rapid increase in current flow
which may typically rise from microamperes to milliamperes
at a critical voltage which is the static ignition voltage for the
discharge gap. The discharge is characterized by a glow which
appears at the cathode and may extend towards the anode and
beyond the immediate neighborhood of the gap, depending
upon the degree of ionization, and is associated with the
migration of ions, which term is taken to include all ionization
products. When once a discharge has been established, a
much lower voltage in general is required to maintain it. The
critical voltage below which the discharge decays, neglecting a
slight rise just before extinguishing is called the *‘maintaining™
voltage. If the discharge current be limited so that the whole
cathode surface is not covered with glow, the interelectrode
voltage tends to remain constant, and independent of the
discharge current, at a value approximately the same as the
maintaining voltage. When once the discharge current is in-
creased beyond the value at which the whole of the cathode
surface is covered with glow, the interelectrode voltage rises
again.

As mentioned above, ions tend to diffuse from the im-
mediate neighborhood of the discharge. This phenomenon has
been extensively used to lower the static ignition potential of
another discharge gap in the same tube envelope. In one
known device there is provided a main discharge gap between
a main anode and a trigger gap between an auxiliary anode
and the said cathode. The auxiliary anode is much closer to
the cathode than the main anode so that the ignition voltage of
the trigger gap is considerably below that of the main gap. The
trigger gap is used to lower the ignition voltage of, or to “-
prime” the main gap by ionization coupling. Alternatively, the
triggering effect may be obtained by an electrode disposed ex-
ternally of the envelope at a location between the main elec-
trodes, Either triggering method may be employed in the prac-
tice of the present invention.

Referring again to FIG. 1, tubes 2 and 3 are each provided
with a trigger electrode, (13 and 14) for initiating ignition in
response to an applied trigger pulse from trigger circuit 15.
The trigger circuit, which is returned to junction 4 via line 16,
will be described more fully in a subsequent part of this
specification.

The basic principal of operation of the circuit of FIG. 1 is
that the pair of gas discharge tubes 2 and 3 function as the pri-
mary winding of the transformer only when they are ionized.
At the beginning of the first half-cycle of operation, one of the
tubes (2 or 3) is ionized by the application of a trigger pulse to
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its trigger electrode (13 or 14). This tube, as a winding of the
transformer, carries the supply voltage and thereby causes the
core 1 to be driven to a saturation, When the core 1 reaches
saturation, the current through the tube 2 tends to rapidly in-
crease. However, the DC supply voltage (7, 8) will now ap-
pear across the inductor § instead of the tube 2, thereby
reducing the voltage across the tube 2 to a level below its
ionization potential, and thereby cause the tube 2 to be extin-
guished. A similar process is repeated with the other tube (3)
for the other half cycle of operation.

In a typical construction the gas discharge tubes 2 and 3
may comprise an hermetic container filled with xenon gas and
having a cathode, an anode, and an external trigger electrode.

The core material (1) may comprise Square Permalloy 80,
manufactured by Magnetics Inc., in a tape-wound configura-
tion. The Square Permalloy material, in the form of a 0.001-
inch thick tape, and operating at a frequency of 70 kHz., will
require a magnetizing force of 0.30 oersteds. Other well-
known materials exhibiting a substantially rectangular
hysteresis loop may also be used. For example, there are vari-
ous types of ferrites and other kinds of magnetic tapes, includ-
ing Orthonik and 4-79 Moly-Permalloy which exhibit the
required characteristics. These materials may be given dif-
ferent heat treatments to effect different desired properties. In
addition to the wide variety of materials applicable, the core 1
may be constructed in a number of different geometries. For
example, strips of material, or toroidal cores are possible as
long as both tubes are substantially surrounded by the core. It
must be emphasized that the present invention is not limited to
any specific geometries of the transformer core nor to any
specific materials therefor, and the examples given are illus-
trative only.

The gas tube discharge, in a typical construction, will
produce 0.385 oersteds of magnetizing force, thereby insuring
saturation of the core 1. The output appearing across the
secondary winding 9 of the transformer provides the high-
power square wave pulse strain which may be utilized as the
carrier for amplifiers of the previously mentioned type. The
DC supply voltage, comprising the main power source, ap-
plied to the discharge tubes 2 and 3 via terminals 7 and 8 may
be relatively low voltage, e.g., 150—350 volts. Typically the
output pulse repetition rate may be of the order to 100 kHz.,
although it is possible to operate up to 1 megahertz with
presently available core material.

The DC supply voltage (7-8) must be lower than the self-
ionization potential of the discharge tubes 2 and 3, and must
be higher than the extinguishing potential or ionization
threshold of the discharge tubes. The trigger circuit 15 al-
ternately triggers the discharge tubes 2 and 3 in a period which
satisfies the following criteria:

T>4A4BIE

where:

A = cross-sectional area of core

B =flux density at which core saturates

E =supply potential

T = period of trigger pulses.

Referring to the hysteresis loop shown in FIG. 2, it will be
noted that a number of significant points of operation of the
loop have been identified; namely, point 20 (positive Br)
which represents a point of positive remanence; the point 21
(positive Bs) which represents positive saturation; the point
22 (—Br) which represents negative remanence; the point 23
(—Bs) which represents negative saturation; and the points 24
and 25 which represent, respectively, the beginnings of the
positive saturation region and of the negative saturation re-
gion. Discussing for the moment the operation of a trans-
former device utilizing a core exhibiting a hysteresis loop such
as is shown in FIG. 2, and a coil wound thereon, initially as-
sume that the core is at the operating point 20 (positive
remanence). If a voltage is applied to the coil tending to pass a
current through the coil on the core in a direction tending to
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4

cause a magnetizing force of positive H, that is in a direction
tending to increase the flux in the said core in the same
direction, the core will tend to be driven from point 20 (posi-
tive Br) to point 21 (positive Bs). During this state of opera-
tion there is relatively little flux change in the core, and the
coil therefore presents a relatively low impedance whereby
energy fed to the coil during this state of operation will pass
readily therethrough and may be utilized to effect a usable
output. On the other hand, if the core should initially be at the
point 22 (—Br) prior to the application of a positive H input
pulse, upon application of such a pulse the core will tend to be
driven in a counterclockwise direction around the hysteresis
loop from point 22 (—Br) to the region of point 21 (positive
saturation). The voltage level of the input pulse for such a
state of operation is preferably so chosen that the core is ac-
tually driven only to approximately point 24, that is to the
beginning of the positive saturation region rather than to point
21 which represents full saturation. During this latter state of
operation, there is a very large flux change through the core
and the coil therefore exhibits a relatively high impedance to
the applied pulse. As a result, substantially all of the energy
applied to the coil when the core is initially at —Br will be ex-
pended in flipping the core from point 22 to point 24 and to
the load, and thence to point 20, positive Br. Thus, depending
upon whether the core is initially at point 20 (positive Br) or
at point 22 (—Br), an applied pulse producing a magnetizing
force in the positive H direction will be presented respectively
with either a low impedance or a high impedance and will ef-
fect either a relatively small output or a relatively large output.
These characteristics of the transformer are significant in the
construction of the square wave generator of the present in-
vention.

Referring again to FIGS. 1 and 2, assume that the discharge
tubes 2 and 3 are not ionized and the core 1 magnetization is
at point 22 or 26. Then a trigger pulse is impressed on the
trigger electrode 13, this pulse is of sufficient amplitude and
duration to ionize the discharge tube 2 and drive the core 1 in
a region between points 27 and 14. After a time duration given
by the expression 4AB/E, the core 1 will saturate, as indicated
at point 21, resulting in a large change in current in the
discharge tube 2. The DC supply voltage will now be im-
pressed across series inductor §, resulting in a potential which
is much less than the ijonization threshold or extinguishing
potential being developed across discharge tube 2. Since no
trigger pulse is now being impressed on discharge tube 2, it
will become extinguished. Magnetization of the core 1 is now
at point 20 and is returned to point 22 by repeating the above
process with respect to discharge tube 3.

The apparatus schematically illustrated in FIG. 3 closely
resembles that of FIG. 1 except that it employs a ferrite core in
lieu of the rectangular hysteresis loop core of the apparatus of
FI1G. 1, and also utilizes an additional gas discharge tube. This
circuit comprises gas discharge tubes 28 and 29 which are in-
ductively coupled to ferrite ring core 31. Inductance coils 32
and 33 are connected in series with tubes 28 and 29, respec-
tively. The DC supply voltage is applied across terminals 34
and 35. Core 31 is provided with secondary winding 36. Exter-
nal trigger electrodes 37 and 38 control the ignition of tubes
28 and 29, respectively, in response to trigger pulses received
from trigger circuit 39.

Gas discharge tube 41 comprises a pair of internal elec-
trodes 42 and 43, and an external trigger electrode 44, Tube
41 has its internal electrodes 42 and 43 connected across
secondary winding 36. The external electrode 44 is connected
to trigger circuit 39. In this embodiment of the invention, igni-
tion of discharge tube 41 will cause a large and rapid change in
the current flow through the ionized primary discharge tube
28 (or 29). The core 31 is not driven into saturation. This em-
bodiment allows the operating (viz, switching) frequency to
be increased several orders of magnitude over that of the em-
bodiment of FIG. 1. This accrues to the use of ferrites instead
of square loop materials for the core 31. The square wave out-
put is obtained via terminals 45 and 46.






