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(54) SATURATING TRANSFORMER FOR OVERCURRENT PROTECTION

(71) We, UNITED STATES
DEPARTMENT OF ENERGY, formerly
UNITED STATES ENERGY
RESEARCH AND DEVELOPMENT
ADMINISTRATION, Washington, District
of Columbia 20545, United States of
America, a duly constituted agency of the
Government of the United States of America
established by the Energy Reorganization
Act of 1974 (Public Law 93-438), do hereby
declare the invention, for which we pray that
a patent may be granted to us and the method
by which it is to be performed, to be particu-
larly described in and by the following state-
ment:

This invention relates to the protection of
d-c electrical loads from damaging overcur-
rent. In particular it applies to circuits where
a breakdown of insulation in the load causes
a sudden large increase in current. Such an
increase is characteristic of a fault in a high-
voltage tube or a high-voltage accelerating
structure.

Electrical loads that are connected to
high-voltage d-c power supplies are fre-
quently subject to a risk of destruction by
delivery of some of the power from the sup-
ply to portions of the load in excessive quan-
tities as a result of a fault. This is especially
true of high-voltage accelerating structures
connected to high-voltage power supplies,
although almost any load that is connected to
a d-c power supply is capable of being dam-
aged, at least locally, by fault currents. How-
ever, the threat of electrical breakdown is
greatest in those electrical loads that are
connected to power supplies at relatively
high voltage, of the order of kilovolts. It is
customary to protect such loads from dam-
age by the use of a crowbar. This is a con-
trollable short circuit that can be placed
across the output terminals of the power
supply to short out the load and thereby
bypass the electrical energy that would
otherwise be delivered in an excessive
amount to the load. The crowbar is often a

gas tube such as an ignitron, a solid-state
device such as a silicon-controlled rectifier
(SCR), or a triggered spark gap. A control
signal for the crowbar is derived from a sen-
sor of load current, load voltage or both, and
the presence of a damaging fault is caused to
generate a signal that operates the crowbar.
With the output of the supply shorted, the
load is relieved of the excess electrical energy
that would otherwise have been delivered to
it and the overcurrent protective mechan-
isms normally built into the circuit will trip to
prevent damage to the power supply.

The arrangement just described has one
major disadvantage. This is the fact that the
signal required to operate the crowbar
results from the application of damaging cur-
rents to the load. It frequently happens that
the load is damaged before the crowbar can
be applied. Even in circumstances when the
load is not immediately damaged by the
excessive current, it remains true that the
load is caused to carry current beyond its
normal operating range in order to trip the
crowbar. A fault current that may be as much
as several orders of magnitude larger than
normal load currents thus passes for a period
of time through the load. It would clearly be
desirable to have a protective mechanism
whose operation did not require damaging
currents.

It is an object of the present invention to
provide a better means of protecting d-c elec-
trical loads from damage due to overcur-
rents.

It is a further object of the present inven-
tion to provide a means of overcurrent pro-
tection for d-c electrical loads that does not
require the passage of damaging currents
through the load to operate the protection.

According to the present invention there is
provided an apparatus for protecting an elec-
trical load connected to a d-c supply from
damage by overcurrent in case of a load fault
comprising:
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(a) atransformer having a primary wind-
ing, a secondary winding, and a ferromagne-
tic core capable of maintaining inductive
coupling between the primary winding and
the secondary winding, the primary winding
being connected between the d-c supply and
the load and carrying the load current and
wherein the ferromagnetic core would be in
magnetic saturation from magnetic flux set
up in the ferromagnetic core by the load cur-
rent if no bias current were present;

(b) a bias supply connected electrically
to the secondary winding and supplying a
current to the secondary winding of such a
magnitude and direction as to produce an
mmf greater in magnitude than and opposite
in direction to the mmf produced by the load
current in the absence of a load fault, the net
mmf placing the core in a state near the knee
of the B-H curve and in saturation, whereby
a fault in the load increases load current to
remove the ferromagnetic core from satura-
tion and generate a back emf across the
primary winding, thereby protecting the load
during the time the core is out of saturation;

(c) a crowbar connected across the d-c
supply; and

(d) atime-delay circuit connected to the
crowbar and to the transformer and respon-
sive to changes in the transformer that indi-
cate a fault to apply a delayed triggering
signal to the crowbar after a predetermined
time interval, thereby making the crowbar a
short circuit and protecting the load.

Also, in accordance with the present
invention there is provided an apparatus for
protecting from damage by overcurrent an
electrical load that is supplied with a load
voltage by a d-c supply, the apparatus com-
prising: a transformer having a primary wind-
ing, a bias winding, and a signal winding, the
windings all being coupled inductively to
each other by a ferromagnetic core, the
primary winding being connected in series
with the d-c supply and the load to form a
series circuit, wherein the core would be in
magnetic saturation when carrying a load
current in a normal amount if no bias current
were present; an ignitron connected across
the d-c supply, the ignitron having an ignitor
electrode to trigger conduction; a time-delay
circuit connected to the signal winding and
the ignitor electrode and responsive to a
signal from the signal winding to effect a
time-delayed triggering of conduction of the
ignitron; a bias supply connected electrically
to the bias winding to establish a bias current
in the bias winding of such a magnitude and
direction as to produce an mmf greater in
magnitude than and opposite in direction to
the mmf produced by the load current in the
absence of a load fault to place the core in
saturation near the knee of the B-H curve; a
triggered spark gap having a first electrode, a
second electrode, and a triggering electrode,

the first electrode being connected to a first
terminal of the electrical load, the triggering
electrode being connected to the signal wind-
ing to initiate conduction from first electrode
to the second electrode in response to a
signal from the signal winding; a capacitor
connected to the second electrode and to a
second terminal of the electrical load to form
with the electrical load, the first electrode,
and the second electrode a series circuit; and
a d-c power supply connected in parallel with
the capacitor to charge the capacitor to a
voltage that is opposite in sense to the load
voltage and smaller in magnitude than the
load voltage.

Fig. 1 is a circuit diagram of an apparatus
for the practice of the present invention.

Fig. 2 is a typical hysteresis or B-H curve
for the core of the transformer of the present
invention.

Fig. 3 isa time plot of currents and voltages
in the circuit of Fig. 1.

Fig. 4 is a circuit diagram of an alternate
embodiment of the present invention.

Fig. 1 is a circuit diagram of an apparatus
for the practice of the present invention. In
Fig. 1, load 10 is an electrical load that is
subject to damage in the event of a fault in
the load. Examples of such electrical loads
include high-voltage accelerating structures
and high-voltage vacuum tubes. Load 10 is
connected to form a series circuit with prim-
ary winding 11 of transformer 12 and d-c
power supply 14. Bridge rectifiers 16 and
three-phase transformer 18 are connected
through contactor 20 and circuit breaker 22
to an a-c power line to comprise d-c power
supply 14. A crowbar 24 is connected across
the terminals of power supply 14 to apply a
short circuit across power supply 14 and
thereby afford protection to load 10. Current
detector 26 is placed in series with crowbar
24 to provide a signal to trip circuit breaker
22 to disconnect the a-c power line from
transformer 18 and thereby protect power
supply 14 against damage. Alternatively, cir-
cuit breaker 22 may trip normally under the
influence of an overcurrent through circuit
breaker 22.

Circuits such as that of Fig. 1 in which a
power supply 14 supplies a load 10 with a
crowbar 24 placed to protect load 10 are well
known in the art. The crowbar 24 is typically
triggered either by sensing a drop in the vol-
tage across load 10 or an increase in the
current through load 10. Each of these
means of triggering requires that load 10
carry a current that is substantially beyond its
normal operating current in order to trigger
crowbar 24. The present invention avoids
that disadvantage as follows. Transformer 12
of the present invention includes a winding
28 that generates an input to a time-delay
circuit 30 to trigger crowbar 24. Transformer
12 also generates a back emf that opposes the
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increase in load current that would otherwise
result from a fault in load 10. The point of
operation is set by the current in bias winding
32. This is a d-c current that is supplied by
bias supply 34 through resistor 36. The com-
bination of capacitor 40 and inductor 42
forms a filter to isolate bias supply 34 from
pulses generated in bias winding 32 by
changes in load current through transformer
12. In transformer 12 primary winding 11
must be sized to carry load current and also
insulated sufficiently to withstand the vol-
tages applied to load 10. Core 46 of trans-
former 12 sustains the flux that establishes
magnetic coupling among primary winding
11, winding 28 and bias winding 32.
Understanding of the operation of the pre-
sent invention will be aided by reference to
Fig. 2 which is an idealized version of a B-H
curve of the core 46 of transformer 12 of Fig.
1. Fig. 2 is idealized for ease of drawing and
reference, but the idealization of the charac-
teristics is not significant to the description of
the invention. The curve of Fig. 2 is the major
hysteresis loop for the material. It is the
curve of magnetic flux density B as a function
of magnetizing force H, also called the B-H
curve. This curve is obtained by cycling the
magnetizing force on a closed loop of the
material in an amount sufficient to cause the
material to go into saturation alternately in
the positive and negative directions. This is
indicated in Fig. 2 by the cycling between
point 50 and point 52. The meaning of the
term “major hysteresis loop” is that the
application of larger amounts of magnetizing
force in either direction will not change the
curve on which the material returns when the
magnetizing force is reduced. This is in con-
trast to the minor hysteresis loops which are
obtained by cycling the magnetizing force at
values that place the state of the material
inside the area bounded by curves 53, 54, 55,
and 56. Curves 54 and 56 are shown as
straight and slightly sloped vertical lines. The
presence of an air gap in the core would give
curves 54 and 56 a finite value of slope, equal
for both, and would facilitate manufacture of
the transformer 12 of Fig. 1, but would not
otherwise affect this invention. The inven-
tion is practiced by adjusting the voltage of
bias supply 34 of Fig. 1 or the resistance of
resistor 36 of Fig. 1 to set current 12 at a
value that produces in core 46 of Fig. 1 a state
of saturation at point 50 of Fig. 2. This sat-
uration is then reduced to point 58 by the
passage of load current through primary
winding 11 of Fig. 1. The result of the two
opposing effects in core 46 is to place point
58 in saturation but close to the knee of the
curve of Fig. 2 which is indicated by point 60.
The sharpness of the knee at point 60 is a
function of the particular material of which
core 46 is made, and is also a function of the
scale to which the curve of Fig. 2 is drawn.

However, saturation in the curve of Fig. 2 is
unambiguous and it is necessary that point 58
be in the region of saturation of the core. It
follows from inspection of Fig. 2 that, with
the current 12 in bias winding 32 held con-
stant, variations in the load current through
primary winding 11 will cause corresponding
motion of point 58 along the curve. Because
point 58 is in a region of saturation, these
changes in location cause essentially no
change in magnetic flux in core 46 and hence
no induced emf across primary winding 11.
However, if the current through primary
winding 11 increases sufficiently to cause the
net magnetic flux in the core to pass point 60
and start up curve 54, then the transformer
enters a region in which B, and hence the
magnetix flux, is changing. This change of
magnetic flux in a given period of time will
generate an emf in primary winding 11 which
will oppose the direction of current increase
according to Lenz’s law. The opposition
takes the form of an emf e= -n d(phi)/dt that
appears across primary winding 11 in a sense
to subtract from or oppose the power supply
voltage. This opposing emf will protect load
10 of Fig. 1 by keeping the load current at a
value that will place the core in some portion
of curve 54 for a time equal to that needed to
move the length of curve 54. Point 62 is one
such point. At the same time, the increase in
flux linkages that was associated with the
development of the back emf across primary
winding 11 will also generate a voltage across
signal winding 28 that can be used either
directly or through a time delay such as
time-delay circuit 30 to trigger crowbar 24.
This triggering has thus taken place without
the necessity for a damaging overcurrent in
load 10 of Fig. 1.

Fig. 3 isa time plot of currents and voltages
in the circuit of Fig. 1. The time scale of Fig. 3
is a function of the values of voltages, cur-
rents and the load in the circuit, but marker
64 is placed to show the time of 50 to 100
microseconds that is typical of a wide range
of applications. Four time intervals are
shown in Fig. 3, characterized as follows.
Interval 66 is a period of normal operation.
Interval 68 is a period of time during which
an undesired arc exists in load 10 of Fig. 1.
Interval 70 is a time period in which the arc
has gone out and the circuit is returning to
the normal operating condition. Interval 72
is a period of normal currents and voltages
again. These intervals and the values of cur-
rent and voltage associated with them are
best understood by referring to the corres-
ponding points on Fig. 2 as follows. During
interval 66, current curve 74 is at a constant
value representing the normal load current.
Load voltage curve 76 is at a constant value
which differs from the source voltage only by
the small amount of the amplitude of d-c
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voltage drop of transformer voltage curve
78. Associated with these values of Ioad cur-
rent and load voltage is an operating point on
the B-H curve of Fig. 2, marked in paren-
theses on Fig. 3. Interval 66 ends when a
short circuit develops in load 10 of Fig. 1.
The load current immediately begins a rapid
rise which is associated with a motion of the
operating point in Fig. 2 from point 58 to
point 60. During this change, the flux in core
46 is hardly changing. Therefore, the supply
voltage is divided between the voltage drop
across the transformer leakage inductance
and that across the arc. As soon as the load
current has reached point 60 of Fig. 2, at a
value shown in parentheses in Fig. 3, the core
enters the steeply rising portion of the hys-
teresis loop, curve 54. This portion is charac-
terized by a high magnetizing inductance.
Point 60 of Fig. 2 is known as the knee of the
hysteresis loop. Past point 60, the steeply
rising portion, curve 54, is associated in Fig. 3
with a relatively constant portion of the curve
for load current 74, an abrupt rise in the
curve of transformer voltage 78 and a cor-
respondingly abrupt drop in load voltage
curve 76. Once the knee of the B-H curve is
turned, transformer winding 11 behaves like
an inductor and the flux change in the core
causes essentially all of the load voltage to
appear across the primary of transformer 12.
In some cases, this abrupt drop in the arc
voltage together with the limit imposed by
transformer 12 on the maximum value of
load current will cause the fault to extinguish
itself. The curves of Fig. 3 are drawn under
the assumption that this has happened at the
end of interval 68. The time at the end of
interval 68 is associated in Fig. 2 with point
62 on the B-H curve, as indicated in paren-
theses in Fig. 3. It can be seen that point 62 in
Fig. 2 is on the rising portion of the hysteresis
curve,

Restoration of normal operating condi-
tions begins with a drop in the load current
and occurs in three stages. The first stage is
an abrupt drop in a short interval that is
associated in Fig. 2 with rapid passage along
a minor hysteresis loop to point 80 on the
B-H curve or major hysteresis loop of the
material. Next the current is nearly constant,
showing only a slight decrease, while the core
is taken from point 80 to point 82. This cor-
responds to interval 70 in Fig. 3, in which the
values corresponding to points 80 and 82 are
shown in parentheses. Finally, on passing
again into the region of saturation past point
82, the current drops abruptly to its normal
operating level as the core returns to point
58. This is interval 72 in Fig. 3. Transformer
voltage curve 78 is readily derivablé from
Fig. 2 by associating the changes with each
interval. Thus, during interval 66, the voltage
across transformer 12 is constant at the low
value, nearly zero, representing the IR drop

across the transformer. A change in the con-
ditions of the circuit that cause the operating
point of the core to move at the saturation
level represents very little change in the vol-
tage across the primary transformer 12, since
the flux is changing very little in saturation,
and the voltage is proportional to the time
rate rate of change of magnetic flux. How-
ever, when the condition of the core is past
point 60 and is in region 54 of Fig. 2, then the
current, which is proportional to H, is chang-
ing very slightly while the flux, which is prop-
ortional to B, is changing rapidly. Thus, the
transformer voltage achieves a high value
and, in general, will drop almost all of the
supply voltage. The passage in Fig. 2 from
point 62 to 58 represents a return of stored
magnetic energy from core 46 of transformer
12 so that the voltage across primary winding
12 becomes negative during this interval.
Once this energy has been returned, allowing
return of the core to point 58, the voltage
across primary winding 44 of transformer 12
drops again to the low value representing the
IR drop across the transformer.

The sloping lines in all the curves of Fig. 3
represent straight-line approximations to
curves that are essentially exponentials with
L/R time constants that are long compared
to the time scale shown. The exact shape of
these curves is less important than their rela-
tive magnitude and direction of increase or
decrease and they are therefore idealized as
straight lines. However, one thing should be
noted from a comparison of the curves of
Figs. 2 and 3: the apparatus of the present
invention will protect a load only as long as
operation is maintained on curve 54 of Fig. 2.
In other words, operation must not be
allowed to pass point 84 of Fig. 2, which is
represented as the terminus of a dashed line
in Fig. 3. Accordingly, it is useful to set a time
delay to operate a crowbar within a time that
is less than the length of time interval 86, the
time from point 60 to point 84. This is facili-
tated by the fact that the flux change in core
46 is associated with the rise in transformer
voltage curve 78 after point 60 and this flux
change is available to trigger the time-delay
circuit 30 of Fig. 1. The length of time inter-
val 86 is directly proportional to the total
change in flux linkages in the primary wind-
ing and inversely proportional to the voltage
of the power supply. If the circuit quenches
automatically as illustrated in Fig. 3, then the
portion of Fig. 2 between points 62 and 80
will generate in signal winding 28 an impulse
that can be used to reset the crowbar time
delay and prevent the operation of crowbar
24 of Fig. 1. If the arc does not quench auto-
matically before the predetermined time of
the time-delay circuit, then crowbar 24 will
be triggered to short the power supply and
protect the load. The design of crowbar
time-delay circuit 30 is a routine matter of
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using counters or flip-flops to time the
desired waiting period before triggering the
crowbar 24.

Fig. 4 is a circuit diagram of an alternate
embodiment of the present invention. Fig. 4
is similar to Fig. 1 in that a load 10 is con-
nected through a transformer 12 to a high-
voltage power supply 14. A crowbar 24 is
connected across the terminals of high-
voltage power supply 14 to protect load 10
from the effects of damaging overvoltages.
Transformer 12 includes a primary winding
11, a signal winding 28 and a bias winding 32.
As with Fig. 1, bias winding 32 is connected
to bias supply 34 through a series-parallel
combination of resistor 36, capacitor 40 and
inductor 42 to filter pulses in bias winding 32
to protect bias supply 34. In the embodiment
of Fig. 4, signal winding 28 serves two func-
tions. The first, as in Fig. 1, is to trigger
crowbar 24, either directly or as shown in
Fig. 4 through a time-delay circuit 30. The
other function of signal winding 28 is to sense
an overload in the same way that was
explained with reference to the circuit of Fig.
1 and to initiate a further protective response
for load 10. This is accomplished by connect-
ing a triggered high-voltage spark gap 90 in
series with a capacitor 91 across load 10.
Capacitor 91 is charged through resistor 92
by power supply 93 to a d-c voltage that is
low in comparison with the normal operating
voltage across load 10. Trigger electrode 94
is disposed in spark gap 90 to initiate conduc-
tion across spark gap 90 in response to a
signal from signal winding 28. When this
happens, the energy stored in capacitor 91
will discharge and drive current through the
fault in load 10 in a direction opposite to the
flow of fault current. By this means, the net
current in load 10 goes through zero and the
arc is quenched. Normal operation of the
circuit of Fig. 4 comprises quenching the arc
by means of the triggered spark gap 90 and
the quenching energy from capacitor 91.
However, if the arc is not quenched or if the
arc restrikes before the circuit of Fig. 4 has
been restored to steady-state conditions,
then the signal from time-delay trigger circuit
30 will cause crowbar 24 to operate and short
out power supply 14 before time interval 86
has elapsed, thus protecting the load against
damage.

The nature of load 10 in Figs. 1 and 4 has
been described herein as a high-voltage load.
While the present invention has particular
utility in application to structures such as
accelerating tubes, Cockroft-Walton
generators, and other structure designed to
support high voltages, its use is not limited to
such structures. The saturating time-delay
transformer 12 of Figs. 1 and 4 can equally as
well be used to protect loads at lower vol-
tages, of the order of hundreds of volts or
less. This extends the choice of elements to

be used for crowbar 24 which includes ignit-
rons, thyratrons, SCR’s, transistors, vacuum
tubes, and any of a number of other elements
meeting the requirement that they sustain
the operating voltage of power supply 14
whith very little current unless triggered, in
which case they must sustain the short circuit
current of power supply 14. Transformer 12
has a primary winding that must be capable
of carrying the load current in load 10 and
must be capable of supporting the load vol-
tage of power supply 14. The bias winding 32
and signal winding 28 can be designed for
relatively low voltage. Signal winding 28 is
primarily a pulse winding and must be
designed to provide adequate response to
pulses induced by rapid change in the flux in
core 46 of Figs. 1 and 4. Other requirements
of the circuits of Figs. 1 and 4 are design
choices depending on the parameters of the
source and load. For example, one such
design choice allows the designer to combine
the functions of the bias winding and the
signal winding into a single winding. In this
case, the signal used to trigger the crowbar
and, if used, the spark gap is obtained by
connecting across the terminals of the bias
winding before the filter network. This is an
obvious possibility, although not a likely
choice because of the typical parameters to
be expected in such a circuit.

The following example will make this
clear. Consider the problem of protecting
with a time delay of 50 microseconds a load
designed to carry 10 amperes at 200
kilovolts. Suppose there is available a core in
which the saturation level of flux density is 17
kiloGauss, and assume a primary winding
comprising 100 turns. The core area would
then be 294 square centimeters, obtained as
follows. The change of flux density is from
saturation in one direction to saturation in
the other so that the net change is 2 x 17
kiloGauss= 34 kiloGauss and this change
takes place in at most 50 microseconds. From
Faraday’s Law, the cross-sectional area of
the core is thus the ratio of the product of
voltage and time to the product of turns and
change in flux density. Substitution of the
values above gives 294 square centimeters or
a square cross section approximately 17.2 cm
on a side. During normal operation, the
magneto-motive force (mmf) of the load cur-
rent is 100 turns x 10 amperes = 1000
ampere-turns. This value of mmf represents
the distance between points 50 and 58 in Fig.
2. The value of mmf supplied by the bias
winding must equal this amount plus an addi-
tional amount sufficient to move the core to
point 58. A routine calculation of the amount
of core necessary to provide a cross section of
17.2 square centimeters and enough core
window to support a primary of 100 turns
insulated for 200 kilovolts results in a median
core length of approximately 160 cm. A typi-
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cal value of the magnetic field strength at
saturation is 2 amperes/cm. The product of
this magnetic field strength and the mean
length shows that 320 ampere turns are
necessary to put the core into saturation at
point 58. Thus, the bias winding must pro-
duce the sum of 1000 and 320 ampere turns
or 1320 ampere turns. A two-turn coil will
produce this with a current of 660 amperes.
With this current flowing in the bias winding,
the core would be placed in operation at
point 58 of Fig. 2. Slight variations in this
value of current enable the motion of point
58 to the left or right to make a ready
adjustment of the sensitivity of triggering. It
will be remembered that triggering takes
place only when the current through the
primary is increased sufficiently to move the
primary ampere turns from point 58 to and
past point 60. It should also be evident that
the voltage ratings necessary for both the
primary and bias coils are evident from this
design approximation. Thus each primary
turn must be insulated from the next by an
amount sufficient to withstand the ratio 200
kilovolts/ 100 turns or 2 kilovolts per turn.
The bias winding will be subjected to a step
down of 100:2 on 200 kilovolts, or a voltage
of 4 kilovolts.

The foregoing calculations make it evident
that in situations where 4 kv is too high a
voltage for the crowbar trigger circuit, it will
be easier to use separate windings for the bias
winding and the signal winding. However,
this is a matter of design convenience rather
than necessity, as the signal sufficient to trig-
ger a crowbar is available at the terminals of
the bias winding and could be so used. It
should also be evident that the indicated use
of more than one ignitron as a crowbar is a
matter as well of design requirements. If the
voltage rating capacity of the power supply
exceeds that of the ignitrons readily avail-
able, then it is a simple matter to place addi-
tional ignitrons in series to support the load
voltage or in parallel to carry the load cur-
rent. In such a case, it is an equally simple
matter to add other signal windings to the
transformer to control these ignitrons if they
are to be controlled directly. In the alterna-
tive, one signal winding can be connectedtoa
single time-delay circuit which can then be
used to trigger a plurality of ignitrons via
separate trigger circuits.

WHAT WE CLAIM IS:-

1. An apparatus for protecting an elec-
trical load connected to a d-¢ supply from
damage by overcurrent in case of a load fault
comprising:

(a) atransformer having a primary wind-
ing, a secondary winding, and a ferromagne-
tic core capable of maintaining inductive
coupling between the primary winding and
the secondary winding, the primary winding
being connected between the d-c supply and

the load and carrying the load current, and
wherein the ferromagnetic core would be in
magnetic saturation from magnetic flux set
up in the ferromagnetic core by the load cur-
rent if no bias current were present;

(b) a bias supply connected electrically
to the secondary winding and supplying a
current to the secondary winding of such a
magnitude and direction as to produce an
mmf greater in magnitude than and opposite
in direction to the mmf produced by the load
current in the absence of a load fault, the net
mmf placing the core in a state near the knee
of the B-H curve and in saturation, whereby
a fault in the load increases load current to
remove the ferromagnetic core from satura-
tion and generate a back emf across the
primary winding, thereby protecting the load
during the time the core is out of saturation;

(c) a crowbar connected across the d-c
supply; and

(d) atime-delay circuit connected to the
crowbar and to the transformer and respon-
sive to changes in the transformer that indi-
cate a fault to apply a delayed triggering
signal to the crowbar after a predetermined
time interval, thereby making the crowbar a
short circuit and protecting the load.

2. An apparatus as claimed in claim 1,
comprising in addition a filter connected
between the bias supply and the secondary
winding to isolate the bias supply from pulses
generated in the secondary winding by
changes in load current through the primary
winding,

3. An apparatus as claimed in claim 1
wherein the time-delay circuit is resettable to
prevent the triggering of the crowbar upon
receipt of a signal indicating that the fault has
been cleared during the time interval to
which the time-delay circuit is set.

4. An apparatus as claimed in claim 3
wherein the time-delay circuit is connected
to the secondary winding of the transformer.

5. An apparatus as claimed in claim 1
comprising in addition a signal winding of the
transformer coupled inductively through the
ferromagnetic core to the primary winding
and the secondary winding, the signal wind-
ing further coupled to the time-delay circuit
to initiate a time-delayed triggering of the
crowbar.

6. An apparatus as claimed in claim 5
comprising in addition:

(a) atriggered spark gap having two gap
electrodes and a trigger electrode;

(b) a capacitor connected to one of the
two gap electrodes and to one side of the
load, the other of the gap electrodes con-
nected to the other side of the load to form a
closed circuit of the first gap, the second gap,
the capacitor and the load, the triggering
electrode of the triggered spark gap con-
nected to the transformer and responsive to a
signal therefrom to trigger the triggered gap
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into conduction; and

(c) apower supply connected across the
capacitor to charge the capacitor to a voltage
that is opposite in sense to the load voltage,
whereby a current flows through the load in
opposition to the load current when the gap
is triggered into conduction.

7. An apparatus as claimed in claim 1
wherein the crowbar is an ignitron.

8. An apparatus as claimed in claim 1
wherein the crowbar is a silicon-controlled
rectifier.

9. An apparatus as claimed in claim 1
wherein the crowbar is a spark gap.

10. An apparatus for protecting from
damage by over-current an electrical load
that is supplied with a load voltage by a d-c
supply, the apparatus comprising:

a transformer having a primary winding, a
bias winding, and a signal winding, the wind-
ings all being coupled inductively to each
other by a ferromagnetic core, the primary
winding being connected in series with the
d-c supply and the load to form a series cit-
cuit, wherein the core would be in magnetic
saturation when carrying a load current in a
normal amount if no bias current were pres-
ent;

an ignitron connected across the d-c sup-
ply, the ignitron having an ignitor electrode
to trigger conduction;

a time-delay circuit connected to the signal
winding and the ignitor electrode and
responsive to a signal from the signal winding
to effect time-delayed triggering of conduc-
tion of the ignitron;

a bias supply connected electrically to the
bias winding to establish a bias current in the
bias winding of such a magnitude and direc-
tion as to produce an mmf greater in mag-
nitude than and opposite in direction to the

‘mmf produced by the load current in the

absence of a load fault to place the core in
saturation near the knee of the B-H curve;

a triggered spark gap having a first elec-
trode, a second electrode, and a triggering
electrode, the first electrode being connected
to a first terminal of the electrical load, the
triggering electrode being connected to the
signal winding to initiate conduction from
first electrode to the second electrode in
response to a signal from the signal winding;

a capacitor connected to the second elec-
trode and to a second terminal of the electri-
cal load to form with the electrical load, the
first electrode, and the second electrode a
series circuit; and

a d-c power supply connected in parallel
with the capacitor to charge the capacitortoa
voltage that is opposite in sense to the load
voltage and smaller in magnitude than the
load voltage.

11. An apparatus for protecting an elec-
trical load connected to a d-c supply from
damage by over current in case of load fault,

substantially as hereinbefore described with
reference to and as illustrated in the accom-
panying drawings.
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