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HIGH-SPEED SWITCHING APPARATUS FOR
ELECTROMAGNETIC COILS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a bypass continuation of
International Application No. PCT/US2022/033319, filed
Jun. 13, 2022, entitled “High-Speed Switching Apparatus
tor Electromagnetic Coils,” which claims a priority benefit,
under 35 U.S.C. § 119(e), to U.S. Application No. 63/209,
799, filed Jun. 11, 2021, entitled “High-Speed Switching
Apparatus for Electromagnetic Coils.” Each of these appli-
cations 1s mcorporated herein by reference in its entirety.

BACKGROUND

[0002] Intense magnetic fields may be generated with a
plurality of current-carrying electromagnetic coils that are
driven with large electrical currents and high voltages from
a plurality of supply circuits. Such magnetic fields may be
used to confine high-energy particles and/or to accelerate
particles or objects to high velocities. In some cases, the
intense magnetic fields can be used to confine a plasma. The
coils can be located near each other such that they induc-
tively couple to one or more neighboring coils.

SUMMARY

[0003] The described implementations relate to protection
circuitry (also referred to as a “protection circuit’”) that can
be used to operate a plurality of supply circuits that together
apply high voltages and/or large currents to one or more
components 1n a system. The protection circuit can quickly
detect when a supply circuit for one or more circuit coms-
ponents (e.g., inductor(s), capacitor(s), electromagnetic coil
(s), resistor(s), switch(es), transducer(s), etc.) 1s activating
(e.g., has imitiated delivery of current to the circuit compo-
nent) and can control simultaneous activation of one or more
additional supply circuits 1n the system that deliver current
and power to the one or more circuit components and/or
additional circuit components 1n the system. In some cases,
in order to prevent damage of system components, the
protection circuit causes all supply circuits within a system
to activate simultaneously (e.g., at a same time or within a
predetermined time of each other such that the outputs from
the supply circuits overlap 1n time). In some cases, 1 order
to prevent damage of system components, the protection
circuit causes all supply circuits within a system to activate
within a predetermined time of each other, and the outputs
from the supply circuits may or may not overlap in time. The
protection circuitry can include optical and electrical com-
ponents that mitigate undesirable eflects of electrical noise
that might otherwise couple 1nto or create unwanted signals
in the protection circuitry and adversely aflect operation of
the protection circuitry. The protection circuitry can provide
simultaneous activation of high-power supply circuits that
may power, for example, large inductive coils spaced several
centimeters to meters apart and that are arranged to produce
intense magnetic fields.

[0004] Some implementations relate to a system compris-
ing an electromagnetic coil to produce a magnetic field 1n
response to current flowing 1n the electromagnetic coil and
a plurality of supply circuits coupled to the electromagnetic
coil with a plurality of supply lines. Each supply circuit of
the plurality of supply circuits can include two input chan-

Apr. 4, 2024

nels such that each supply circuit of the plurality of supply
circuits 1s controllable, by a first input signal on a first input
channel of the two mput channels or a second mmput signal
on a second mput channel of the two input channels, to
output at least a portion of the current to the electromagnetic
coil for producing the magnetic field. The system can further
include a plurality of sensor circuits coupled to the plurality
of supply lines, wherein each sensor circuit of the plurality
of sensor circuits 1s configured to detect activation of a
supply circuit of the plurality of supply circuits that 1s
coupled to a supply line of the plurality of supply lines to
which the sensor circuit 1s coupled, and wherein the activa-
tion comprises initiating delivery of the portion of the
current from the supply circuit to the electromagnetic coil
through the supply line to which the sensor circuit 1s
coupled. The system can further include a controller coupled
to at least one controlled supply circuit of the plurality of
supply circuits to provide the first input signal to activate at
least the one controlled supply circuit and a protection
circuit coupled to the plurality of sensor circuits and to the
plurality of supply circuits. The protection circuit can com-
prise a multi-way 1nput circuit to receive at least one sensor
signal from the plurality of sensor circuits that indicates
activation of the activated supply circuit and a multi-way
output circuit coupled to the multi-way input circuit to
output, in response to receipt of the sensor signal by the first
multi-way 1nput circuit, at least one firing signal to at least
one supply circuit of the plurality of supply circuits other
than the activated supply circuit. Each firing signal of the at
least one firing signal can be delivered as the second 1nput
signal to the at least one supply circuit and causes delivery
of the portion of the current from the at least one supply
circuit simultaneous with delivery of the portion of the
current from the activated supply circuat.

[0005] Some implementations relate to a system compris-
ing a plurality of electromagnetic coils to produce a mag-
netic field 1n response to a plurality of currents flowing in the
plurality of electromagnetic coils and a plurality of supply
circuits coupled to the plurality of electromagnetic coils with
a plurality of supply lines. Fach supply circuit of the
plurality of supply circuits can include two input channels
such that each supply circuit of the plurality of supply
circuits 1s controllable, by a first input signal on a first input
channel of the two mput channels or a second nput signal
on a second input channel of the two input channels, to
provide a portion of the plurality of currents to an electro-
magnetic coil of the plurality of electromagnetic coils that 1s
connected to the supply circuit of the plurality of supply
circuits. The system can further include a plurality of sensor
circuits coupled to the plurality of supply lines, wherein each
sensor circuit of the plurality of sensor circuits 1s configured
to detect activation of an activated supply circuit of the
plurality of supply circuits, wherein the activation comprises
initiating delivery of the portion of the plurality of currents
from the activated supply circuit to an electromagnetic coil
of the plurality of electromagnetic coils that 1s connected to
the activated supply circuit. The system can further include
a controller coupled to at least one controlled supply circuit
of the plurality of supply circuits to provide the first mnput
signal to activate at least the one controlled supply circuit
and a protection circuit coupled to the plurality of sensor
circuits and to the plurality of supply circuits. The protection
circuit can comprise a multi-way input circuit to receive at
least one sensor signal from the plurality of sensor circuits




US 2024/0113511 Al

that indicates activation of the activated supply circuit and a
multi-way output circuit coupled to the multi-way input
circuit to output, in response to receipt of the sensor signal
by the multi-way 1nput circuit, at least one firing signal to at
least one supply circuit of the plurality of supply circuits.
The at least one firing signal can be delivered as the second
input signal to the at least one supply circuit and cause or
causes delivery of the portion of the plurality of currents
from the at least one supply circuit simultancous with
delivery of the portion of the plurality of currents from the
activated supply circuit.

[0006] Some implementations relate to methods for apply-
ing a plurality of currents to at least one electromagnetic coil
in a system to produce a magnetic field. Such methods can
include acts of: monitoring, with a protection circuit, for a
sensor signal from a plurality of sensor circuits that are
coupled to a plurality of supply lines that couple a plurality
of supply circuits to the at least one electromagnetic coil,
wherein the sensor signal indicates activation of a supply
circuit of the plurality of supply circuits to deliver a first
amount of current from the activated supply circuit to an
clectromagnetic coil of the at least one electromagnetic coil
for producing the magnetic field; receiving, at the protection
circuit, the sensor signal from one sensor circuit of the
plurality of sensor circuits; and outputting, from the protec-
tion circuit to at least one supply circuit of the plurality of
supply circuits other than the activated supply circuit, at
least one firing signal 1n response to receipt of the sensor
signal that cause or causes the at least one supply circuit of
the plurality of supply circuits to deliver a second amount of
current to the electromagnetic coil simultaneous with deliv-
ery of the first amount of current by the activated supply
circuit.

[0007] Some implementations relate to a protection circuit
comprising: a multi-way input circuit having a plurality of
input circuits to receive in parallel a plurality of input
signals; a decision circuit coupled to the plurality of input
circuits to output a control signal 1n response to receipt, by
any one of the plurality of mput circuits, of a first 1input
signal of the plurality of input signals that qualifies as a
triggering signal; and a multi-way output circuit coupled to
the decision circuit to output a plurality of finng signals
simultaneously in response to receiving the control signal
from the decision circuit.

[0008] Some implementations relate to methods of assem-
bling a protection circuit. Such methods can include acts of:
assembling a multi-way 1nput circuit having a plurality of
input circuits to receive in parallel a plurality of mput
signals; coupling a decision circuit to the plurality of 1nput
circuits to output a first control signal 1n response to receipt,
by any one of the plurality of input circuits, of a first input
signal of the plurality of put signals that qualifies as a
triggering signal; coupling a multi-way output circuit to the
decision circuit; and configuring the multi-way output cir-
cuit to output a plurality of second control signals simulta-
neously 1n response to receiving the first control signal from
the decision circuit.

[0009] Some implementations relate to a system compris-
ing an electrical load to receive current and a plurality of
supply circuits coupled to the electrical load with a plurality
of supply lines. Each supply circuit of the plurality of supply
circuits can include at least one mnput channel to receive a
first input signal that causes the supply circuit of the plurality
of supply circuits to provide a portion of the current to the
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clectrical load. The system can further include a plurality of
sensor circuits coupled to the plurality of supply lines,
wherein each sensor circuit of the plurality of sensor circuits
1s configured to detect activation of an activated supply
circuit of the plurality of supply circuits coupled to a supply
line of the plurality of supply lines to which the sensor
circuit 1s coupled, and wherein the activation comprises
initiating delivery of the portion of the current to the
clectrical load. The system can further include a controller
coupled to at least one controlled supply circuit of the
plurality of supply circuits to provide the first input signal to
activate at least the controlled supply circuit and a protection
circuit coupled to the plurality of sensor circuits and to the
plurality of supply circuits. The protection circuit can com-
prise a multi-way 1nput circuit to receive at least one sensor
signal from the plurality of sensor circuits that indicates
activation of the activated supply circuit and a multi-way
output circuit coupled to the multi-way input circuit to
output, 1n response to receipt of the at least one sensor signal
by the first multi-way put circuit, at least one firing signal
to at least one of the plurality of supply circuits other than
the activated supply circuit. The at least one firing signal can

cause delivery of the portion of the current from the at least
one supply circuit simultaneous with delivery of the portion
of the current from the activated supply circuit.

[0010] Some implementations relate to a system compris-
ing a plurality of electrical loads to receive a plurality of
currents and a plurality of supply circuits coupled to the
plurality of electrical loads with a plurality of supply lines.
Each supply circuit of the plurality of supply circuits can
include at least one input channel to receive a first mput
signal that causes the supply circuit of the plurality of supply
circuits to provide a portion of the plurality of currents to an
clectrical load of the plurality of electrical loads that is
connected to the supply circuit of the plurality of supply
circuits. The system can further include a plurality of sensor
circuits coupled to the plurality of supply lines, wherein each
sensor circuit of the plurality of sensor circuits 1s configured
to detect activation of an activated supply circuit of the
plurality of supply circuits that 1s coupled to a supply line of
the plurality of supply lines to which the sensor circuit 1s
coupled, and wherein the activation comprises initiating
delivery of the portion of the plurality of currents to an
clectrical load of the plurality of electrical loads that is
connected to the activated supply circuit. The system can
turther include a controller coupled to at least one controlled
supply circuit of the plurality of supply circuits to provide
the first input signal to activate at least the controlled supply
circuit and a protection circuit coupled to the plurality of
sensor circuits and to the plurality of supply circuits. The
protection circuit can comprise a multi-way input circuit to
receive at least one sensor signal from the plurality of sensor
circuits that indicates activation of the activated supply
circuit and a multi-way output circuit coupled to the multi-
way 1nput circuit to output, 1n response to receipt of the at
least one sensor signal by the first multi-way input circuit, at
least one firing signal to at least one of the plurality of supply
circuits other than the activated supply circuit. The at least
one liring signal can cause simultaneous delivery of the
portion of the plurality of currents from the at least one
supply circuit other than the activated supply circuit with
delivery of the portion of the plurality of currents from the
activated supply circuit.
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[0011] All combinations of the foregoing concepts and
additional concepts discussed 1n greater detail below (pro-
vided such concepts are not mutually inconsistent) are
contemplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed
subject matter appearing at the end of this disclosure are
contemplated as being part of the inventive subject matter
disclosed herein. The terminology explicitly employed
herein that also may appear in any disclosure incorporated
by reference should be accorded a meaning most consistent
with the particular concepts disclosed herein.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0012] The skilled artisan will understand that the draw-
ings primarily are for illustrative purposes and are not
intended to limit the scope of the mventive subject matter
described herein. The drawings are not necessarily to scale;
in some 1nstances, various aspects of the inventive subject
matter disclosed herein may be shown exaggerated or
enlarged 1n the drawings to facilitate an understanding of
different features. In the drawings, like reference characters
generally refer to like features (e.g., functionally similar
and/or structurally similar components).

[0013] FIG. 1A depicts a system having electromagnetic
coils 1n which a protection circuit may be used to control
simultaneous activation of supply circuits that deliver large
currents to the electromagnetic coils.

[0014] FIG. 1B depicts a system having electromagnetic
coils 1 which multiple supply circuits are arranged to
deliver current to each coil. The system may use a plurality
of protection circuits to control simultaneous activation of
the supply circuits in the system.

[0015] FIG. 2A illustrates an example of a firing-sensor
circuit.

[0016] FIG. 2B illustrates another example of a firing-
sensor circuit.

[0017] FIG. 2C illustrates another example of a firing-
sensor circuit.

[0018] FIG. 3 depicts an example of a supply circuit that

may be used to drive current through an electromagnetic
coil.

[0019] FIG. 4 1llustrates an example of a dual-input trigger
circuit.
[0020] FIG. 5 depicts an example of a protection circuit

that has eight inputs to receive sensor and/or firing signals
indicating the activation of any one of eight supply circuits,
and has eight outputs to transmit firing signals that trigger
the activation of the other supply circuits 1n the group of
eight supply circuits.

[0021] FIG. 6 depicts a system 1n which protection circuits
may be used to delay the activation of power-supply groups
in a selected order.

[0022] FIG. 7 depicts acts associated with a method of
activating supply circuits to deliver power to circuit coms-
ponents 1 a system.

DETAILED DESCRIPTION

[0023] In a noisy and/or variable electrical environment,
simultaneous and/or correctly-timed activation of supply
circuits to provide power (e.g., via pulses of current) to
circuit components that require large currents and/or high
voltages can be challenging. Carefully controlled activation
of supply circuits can also be challenging if there 1s some
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external coupling between the components 1n the system
such as inductive coupling between electromagnetic coils
that are controlled by different supply circuits within the
system. The activation of a supply circuit can be initiation of
current and/or power delivery from the supply circuit to one
or more components coupled to receive power from the
supply circuit. Simultaneous activation of supply circuits
can be the activation of two or more supply circuits at the
same time or within a predetermined amount of time of each
other such that outputs from the supply circuits overlap 1n
time. In some 1mplementations, simultaneous activation of
supply circuits occurs when all supply circuits, operated to
activate simultaneously, activate to mmitiate delivery of their
currents within a time span having a value in a range
between approximately or exactly 1 microsecond and 100
microseconds. For some applications, simultaneous activa-
tion of supply circuits occurs when all supply circuits,
operated to activate simultaneously, activate to imitiate deliv-
ery of their currents within a time span having a value 1n a
range between approximately or exactly 100 nanoseconds
and 1 microsecond. For some very demanding applications,
simultaneous activation of supply circuits occurs when all
supply circuits, operated to activate simultaneously, activate
to 1nitiate delivery of their currents within a time span
having a value 1n a range between approximately or exactly
50 nanoseconds and 500 nanoseconds. In some cases, 1f
simultaneous and/or correctly-timed activation 1s not
achieved, the system may not perform an intended function
and/or components 1n the system may be damaged.

[0024] FIG. 1A depicts an example of a system 100 having
a plurality of electrical components (e.g., electromagnetic
coils 130-1, 130-2, 130-3 which may also be referred to as
“loads™) that are preferably fired simultaneously with each
other and may be fired 1n a correctly-timed, ordered, firing
sequence (e.g., such that each coil fires within a predeter-
mined time of at least one nearest neighbor coil and 1n a
particular order). Firing of a coil 130-1 comprises receiving,
an amount of current from at least one activated supply
circuit 120-1 to circulate around the coil’s core (or through
core portions of a multi-segmented core). The circulating
current produces or participates 1n producing a desired
magnetic field B for the system 100. The received current
can be a large pulse of current. The coils 130 can all be fired
simultaneously (though not necessarily at the same start time
and for the same duration) to participate 1n producing the
magnetic field. Although only three coils are shown in the
drawing, the system 100 may have tens, hundreds, or
thousands of coils arranged to produce the magnetic field B,
all of which are preferably fired according to a precise
timing and ordered sequence. The system 100 may be used
to accelerate particles or objects or to contain and/or direct
flow of a plasma, for example.

[0025] To facilitate explanation, a plurality of similar
components, such as coils 130-1, 130-2, 130-3 may be
referred to by a single, unhyphenated reference number
(e.g., “coils 130”). In some instances, a single component of
a plurality of components may be referred with its hyphen-
ated reference number (e.g., “coil 130-1"") where the single
component 1s referenced as an example and without intent to
limit the discussion to only that component. In other
instances, which should be clear from the context of the
discussion, a single component of a plurality of components
may be referred with its hyphenated reference number when
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describing a feature particular to that component (e.g., a
“coil 130-1 located at a first end of the system 1007).

[0026] The terms “firing” and “activation” and variations
thereol are used throughout to refer to related aspects of
operation of the system 100. “Activation” 1s generally used
in connection with supply circuits 120 to indicate that a
supply circuit 120-1 1s delivering current to an electromag-
netic coil 130-1, for example, or some other load. “Firing”
generally refers to the action at the load (e.g., the delivered
pulse of current 1s passing through the load). In the 1llus-
trated example, the firing of an electromagnetic coil pro-
duces an intense magnetic field. As such, the supply circuits
are activated to deliver currents, thereby firing the coils to
produce a magnetic field B. At least three types of signals
that relate to activation and firing are used throughout the
description. “Sensor signals” come from the sensing circuits
140 and may indicate activation of a supply circuit depend-
ing on whether threshold detection 1s done at the sensor
circuit or protection circuit. “Control signals” come from the
system controller 110 and may be used to initiate activation
of at least one supply circuit 120-1. “Firing signals™ come
from a protection circuit 150-1 and can be transmitted to at
least one other protection circuit 150-2 (see FIG. 1B) or at
least one supply circuit 120-1 to mitiate activation of the
supply circuit and result in the firing of at least one elec-
tromagnetic coil 130-1.

[0027] Although the system 100 of FIG. 1A includes
clectromagnetic coils, other systems to which the imnventive
implementations can apply may not include only electro-
magnetic coils to which large amounts of current are deliv-
ered by one or more of the supply circuits 120. Some
systems may not include electromagnetic coils and have
other types of electrical loads. Other systems include, but are
not limited to, high-intensity lighting systems, high-power
lasers, particle accelerators, and segmented railgun systems.
[0028] For some apparatuses (such as accelerators, cyclo-
trons, and instruments to confine energetic plasmas), the
coils 130 may be large and carry large amounts of peak
current to produce intense magnetic fields. The coils 130 can
have an outer diameter D_ from 0.05 m to 4 m, for example,
and surround an inner cavity 105 1 which the intense
magnetic fields are generated. The diameter D, of the cavity
105 can have a value 1n a range from 1 cm to 300 cm, for
example. There may be diflerent sizes of coils within a
system 100. In some implementations, a coil 130-1 can be
formed with multiple windings of a conductor such as
copper wire or copper cable, though other materials can be
used. In some cases, a coil can be machined or molded from
a single piece of material (e.g., an alloy of aluminum,
copper, steel, a superconducting material, or another metal)
to form a single-turn coil. In some cases, a coil 130-1 can be
assembled from multiple fractional-turn segments or core
portions where each core portion 1s machined or molded
from a single piece of material and powered separately by
one or more of the supply circuits 120. Examples of such
segmented coils are described 1n U.S. provisional applica-
tion Ser. No. 63/210,416 filed on Jun. 14, 2021, titled
“Inertially-Damped Segmented Coils for Generating High
Magnetic Fields,” which application 1s incorporated herein
by reference 1n 1ts entirety.

[0029] The peak current delivered to a coil 130-1 from 1ts

supply circuit 120-1 can have a value 1n a range from 1000
amps (A) to 200,000,000 A, for example, or within any
subrange between 1000 A and 200,000,000 A. In some

Apr. 4, 2024

implementations, the peak current delivered to a coil 130-1
from its supply circuit 120-1 can have a value in a range
from 500,000 A to 200,000,000 A. The current for the
assembly of coils can be provided by supply circuits 120-1,
120-2, 120-3 which may also apply a high voltage across
cach coil when delivering the current. The applied voltage
can be 1 a range from 5 kilovolts (kV) to 60 kilovolts or
more. Each supply circuit 120-1 can include one or more
switches to quickly apply voltage across a coil 130-1 and/or
drive current through the coil for a brief period of time (e.g.,
a pulse having a FWHM duration greater than 1 nanosecond
but less than 1 second, less than 100 milliseconds, less than
10 milliseconds, or even less than 1 microsecond in some
cases) and then switch ofl to disconnect the supply circuit
from the coil. In response to the applied current, the mag-
netic field produced 1n the cavity 105 can have a peak value
in a range from 0.01 Tesla (1) to 50 T, for example, or within
any subrange between 0.01 T and 50 T, such as in a range
from 10 T to 40 T. In some cases, the peak current may reach
up to 10° amps to produce a magnetic field having a peak
value up to 100 T. The mductance of a coil 130-1 can be a
value 1n a range from 10 nanohenries to 10 millihenries, for
example. Such electromagnetic coils may be pulsed repeat-
edly (e.g., at least 1,000 times or at least 10,000 times) with
large currents to produce magnetic fields having a peak
value 1n a range from 10 T to 40 T, for example. Protection
circuitry 150-1 described herein can provide safe and reli-
able operation of the system 100 for such a large number of
repeated pulses.

[0030] The supply circuits 120 may include one or more
switches that are controlled, at least in part, by control
signals sent from a system controller 110 over control lines
115 to at least one of two mput channels 122 of each supply
circuit 120-1, 120-2, 120-3. In some cases, the system
controller 110 may additionally or alternatively send one or
more control signals to the protection circuit 150-1 to mitiate
activation of one or more supply circuits 120. The controller
110 can include at least one microprocessing chip, at least
one microcontroller, at least one field programmable gate
array (FPGA), at least one digital signal processor (DSP), at
least one application-specific integrated circuit (ASIC), at
least one programmable logic controller (PLC) logic cir-
cuitry, or some combination thereof.

[0031] When the electrical environment 1s noisy or coms-
ponents 1n the system 100 have inherently variable operation
(which may be referred to as timing jitter), 1t can be diflicult
or 1mpossible to always maintain simultaneous and/or cor-
rectly-timed activation of the supply circuits 120 during
operation of the system 100. As an example, pick-up of
clectrical noise on control lines 115 or 1n supply circuitry
may prematurely or errantly initiate the activation of one
supply circuit (e.g., supply circuit 120-2) for a first coil
130-2 1n the system 100 out of a group of supply circuits
and/or coils that should activate simultaneously. In some
cases, mherently variable (and sometimes premature) acti-
vation of switches (such as thyratrons and triacs) can cause
one or more supply circuits 120 to activate prematurely.
Activating a supply circuit 120-2 may comprise closing one
or more switches to initiate delivery of current from the
supply circuit to fire the coil 130-2 via a coil supply line 125.
In some cases where large currents and high energy are
involved, i1 the first coil’s supply circuit activates an exces-
stve amount of time (e.g., more than approximately 300 ns
for some coils) prior to supply circuits for neighboring coils
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130-1, 130-3 to which the first coil 130-2 may inductively
couple, then the first coil 130-2 may draw an excessive peak
amount of current from 1ts supply circuit 120-2 and/or 1t may
drive currents 1n the wrong direction 1n inductively coupled
coils, either of which may damage electrical components
(e.g., expensive semiconductor switches, large capacitors,
coils, diodes, etc.) in the system 100. By activating eflec-
tively 1n 1solation, current flow 1n the first coil 1s not impeded
as much as would otherwise occur if all the coils fired
simultaneously and/or with a correct timing. The reduction
in 1mpedance can lead to excessive current being delivered
to a system component. In some implementations, premature
activation ol one supply circuit 1n a group of supply circuits
that deliver current to a same component (e.g., electromag-
netic coil) can adversely aflect other supply circuits 1n the
group (€.g., create unacceptably high reverse voltages across
switches). The tolerable amount of premature activation of
a supply circuit can depend upon the inductive components
(e.g., coils) used 1n a system and may be shorter than 300 ns
in some cases, though may be longer than 300 ns for some
implementations.

[0032] To reduce or eliminate the occurrence of a supply
circuit activating effectively in 1solation in a system 100
(which may have coupled electrical components such as
inductively-coupled coils that are driven by the supply
circuits), sensors, which can produce sensor signals, and at
least one protection circuit 150-1 can be employed to force
all supply circuits 120 to activate within an acceptable
amount of time after detecting the activation of a first supply
circuit 120-2 i the system or within a group of supply
circuits. By forcing all supply circuits 120 1n a group to
activate simultaneously, the system can be operated reliably
without damage even though the firing of all coils 130 and/or
activation of supply circuits 120 1n the group may differ
from an mtended firing and/or activation time for the group.

[0033] FIG. 1A depicts an example of firing-sensor cir-
cuits 140-1, 140-2, 140-3 and feedback architecture that may
be employed 1n the system 100 to mitigate errant activation
of a supply circuit, such as activating prematurely, 1n 1s0-
lation, and/or out of turn 1n a firing sequence. Firing-sensor
circuits 140-1, 140-2, 140-3 can couple to coil-supply lines
125 or to each of the coils 130-1, 130-2, 130-3 to sense the
onset of current delivery to any one of the coils 130
indicating that a first supply circuit for that coil 1s firing. The
initiation of current or power delivery indicates that a supply
circuit has been activated (either intentionally or errantly) to
deliver current or power to the connected coil or load.
Sensor signals that are generated by the firing-sensor circuits
140 can be sent to a protection circuit 150-1 over sense
signal lines 145. In response to detection of a firing event
(which can comprise receipt of a sensor signal from any one
of the firing-sensor circuits 140), the protection circuit 150-1
can simultaneously output {firing signals over protection
signal lines 153 to activate (sometimes referred to as “fire™)
the other supply circuits 120 1n the system 100 (or 1n a group
of supply circuits) causing the other supply circuits to
deliver current to the coils within an acceptable amount of
time after the activation of the first supply circuit. For
example, all of the supply circuits (120-1, 120-2, 120-3) will
activate simultaneously, such that their outputs will at least
overlap 1n time.

[0034] In some system (which can differ from those
described 1n connection with FIG. 1A and FIG. 1B), 1n order
to prevent damage of system components or to facilitate
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operation of the supply circuits or the overall system, the
protection circuit 150-1 causes all supply circuits within the
system (or group of supply circuits, such as in FIG. 1B) to
activate within a predetermined amount of time from each
other by outputting firing signals within the predetermined
amount of time after receiving a sensor signal from a
firing-sensor circuit or a firing signal from another protec-
tion circuit. The outputs from the supply circuits that receive
the firing signals may or may not overlap in time. The
predetermined amount of time can be in a range between
approximately or exactly 1 microsecond and 100 microsec-
onds. For some applications, the predetermined amount of
time can be 1n a range between approximately or exactly 100
nanoseconds and 1 microsecond. For some demanding
applications, the predetermined amount of time can be 1n a
range between approximately or exactly 50 nanoseconds and
500 nanoseconds. The predetermined amount of time may
be shorter than 50 nanoseconds or longer than 100 micro-
seconds for some systems.

[0035] In some implementations, the protection circuit
150-1 can mitigate damage of supply circuits 120 1in the
system even if the protection circuit causes activation of
only a portion of the other supply circuits within an adequate
amount of time after the activation of a first supply circuat.
For example, a first supply circuit 120-1 errantly activates
(e.g., 1n advance of an intended activation time) and delivers
current to fire the first coil 130-1, and the protection circuit
150-1 manages to deliver a firing signal to the second supply
circuit 120-2 in an adequate amount of time to cause the
second supply circuit 130-2 to activate and prevent damage
to the second supply circuit but fails to provide a firing
signal to the third supply circuit 130-3 within the adequate
amount of time or at all. In such a case, at least some of the
remaining supply circuits (120-2 in this example) would
avold damage by the errant activation of the first supply
circuit. In some cases, 1t may be suilicient to activate only
one or more supply circuits connected to one or a selected
number of nearest-neighbor coils (or alternative components
driven by the supply circuits) to prevent damage to all
supply circuits 1n the system.

[0036] FIG. 1A depicts three coils 130, each of which 1s
powered by 1ts own supply circuit. In such an implementa-
tion, only one protection circuit 150-1 may be needed to
control the simultaneous activation of the system’s supply
circuits 120. In some cases, the components shown 1n FIG.
1A may be part of a larger system. There may be M coils 1n
a group and N groups of coils where M and N are positive
integers. M may have a value from 2 to 100. N may have a
value from 1 to 100. M may be greater than, equal to, or less
than N. There can be one or more supply circuits 120 for
cach coil i the group and there can be one or more
protection circuits 150 for each group of coils.

[0037] FIG. 1B depicts a system 101 having a number of
M coils of which only three coils are shown (im-1, m, m+1,
where m 1s a positive iteger greater than or equal to 1).
Each coil 1s powered by multiple supply circuits that are
arranged 1n groups or banks (im—1, m, m+1). For example,
coll m-1 1s configured to be powered by P supply circuits
120-1a,120-15, . .. 120-1p. In some cases, a bank of supply
circuits may provide current to more than one coil or to more
than one core segment of a fractional-turn coil. There may
or may not be a same number of supply circuits for each coail.

[0038] As depicted 1n the drawing, firing-sensor circuits
140 can momnitor the output from each supply circuit in the
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system 101 to detect when a supply circuit 1s activating and
mitiating delivery of current to a coil. Each bank of supply
circuits can include a protection circuit 150-1, 150-2, 150-3.
For the implementation of FIG. 1B, each protection circuit
(e.g., 150-2) couples to and can recerve a sensor signal from
any one of the firing-sensor circuits 140 within 1ts bank of
supply circuits 120-2q, 120-25, . . . 120-2¢g and further
connect to and receive a firing signal that 1s output from at
least one other protection circuit (e.g., 150-1) of another
bank of supply circuits 1n the system. The at least one other
protection circuit may be one or more nearest neighboring
protection circuits (where nearest neighbor 1s determined in
terms of shortest time to propagate a firing signal between
the protection circuit and neighboring protection circuits).
Each protection circuit 1s further coupled to at least one
supply circuit and configured to output firing signals to each
of the supply circuits to which the protection circuit is
coupled 1n response to receiving a sensor signal or firing
signal that was generated in the system due to premature
activation of a supply circuit. The term “firing signal” 1s used
for both a signal received by a protection circuit and output
by a protection circuit. Firing signals output by a protection
circuit can be transmitted to at least one other protection
circuit and/or to at least one supply circuit to cause activa-
tion of at least one supply circuit 1n the system.

[0039] The system of FIG. 1B may operate as follows.
Under normal operation, the controller 110 may 1ssue con-
trol signals to the supply circuits 120 to cause them to
activate at predetermined times (e.g., simultanecously
together and/or 1n a precisely-timed sequence such that
outputs from the supply circuits overlap 1n time) and the
supply circuits may activate accordingly. In the event that
one of the supply circuits (e.g., 120-25) 1n a bank of supply
circuits activates prematurely (e.g., due to noise or an erratic
switch 1n the supply circuit), then the protection circuit
150-2 for that bank m of supply circuits can detect the
premature activation via a sensor signal received from a
firing-sensor circuit 140 that monitors the output of the
supply circuit 120-25. In response to detecting the premature
activation, the protection circuit 150-2 can output firing
signals simultaneously to activate the remaining supply
circuits 120-2a, 120-2c¢, . . . 120-2g 1n the bank m of supply
circuits. In some cases, the protection circuit 150-2 can
turther output firing signals to the mputs of one or more
neighboring protection circuits (150-1, 150-3 1 this
example).

[0040] The response time between receipt of the signal
(either a sensor signal or firing signal from another protec-
tion circuit) that indicates premature activation of the supply
circuit and the output of the plurality of the firing signals
from the protection circuit 150-2 may be a value 1n a range
from 3 ns to 1 second, for example, or any subrange between
3 ns and 1 second (e.g., from 50 ns to 300 ns or from 10 ns
to 300 ns). In other cases, the response time between receipt
of the signal indicating premature activation and the output
of the firing signals from the protection circuit 150-2 can be
from 100 ns to 350 seconds or more, for example 1n cases
where the protection circuit delays a firing signal by a
user-selected or programmed amount of time. The protection
circuit(s) 150-1, 150-3 of adjacent coils can detect the
received firing signal and similarly output firing signals to
supply circuits 120 1n their groups of supply circuits and
output firing signals to one or more neighboring protection
circuits. The response time between receipt of a firing signal
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from a neighboring protection circuit and output of firing
signals from the protection circuit (e.g., 150-1 or 150-3) can
be the same as for the first protection circuit 150-2, though
in some cases the delay of the firing signals may be longer
(e.g., 1f a delay longer than the minimum response time 1s
desired between firing of neighboring coils, where the delay
1s programmed or selected by a user). In some cases, each
protection circuit and/or supply circuit may have a time-out
interval occurring after supply circuits 1n the group or bank
for the protection circuit have activated. During the time-out
interval, the supply circuits cannot be activated. The time-
out interval can prevent a rapid reactivation ol supply
circuits 1n the bank due to a firing signal fed back from one
or more neighboring protection circuits.

[0041] For the implementation of FIG. 1B, a premature
activation of one supply circuit can trigger the activation of
other supply circuits in the system and/or in a group of
supply circuits, such that the supply circuits activate simul-
taneously. When activating simultaneously, the supply cir-
cuits 120 1n a bank or in the system can be switched to
deliver current to their respective circuit component(s) (e.g.,
coil) within the bank or system while other supply circuits
in the bank or system are delivering current to their respec-
tive circuit component(s). Because of the way the protection
circuits 150 are connected 1n the illustrated example, the
simultaneous activation can imtiate with one bank of supply
circuits and propagate along the chain of protection circuits
and coils. An alternative implementation of the system 101
in FIG. 1B may have the protection circuit 150-1 for each
bank of supply circuits 120 connect to a common protection
circuit (not shown) instead of neighboring protection cir-
cuits. Outputs from the common protection circuit may then
g0 back to an input of each protection 150-1 circuit 1n the
banks of supply circuits. In this alternative implementation,
the premature activation of one supply circuit in one bank of
supply circuits will trigger the simultaneous activation of all
supply circuits 1n the other banks of supply circuits.

[0042] In some implementations, 1t may not be necessary
for all supply circuits 120 1n the system to activate simul-
taneously or within a predetermined amount of time from
cach other. For example, 1t may be suflicient for only those
supply circuits (e.g. supply circuits 120-2a through 120-24)
to activate simultaneously or within a predetermined amount
of time from each other to avoid component damage when
one of the supply circuits 120-26 withuin the group errantly
activates.

[0043] FIG. 2A illustrates an example of a firing-sensor
circuit 140-1 that can detect when one of the supply circuits
120 1n the system 100 1s activating (e.g., to deliver current
to an electrical load). Activation of a supply circuit 120-1
occurs when a large rise 1n current 1_ initiates 1n a coil-supply
line 125 and the magnetic field B produced by the electro-
magnetic coil couple to the supply line 125 increases. In
some 1mplementations, the increasing flow of current 1_1n a
coil-supply line 125 can be detected with a Rogowski coil
205 that extends at least part way around at least one of the
coil-supply lines 1235 as depicted 1n FIG. 2A. The Rogowski
coill may be formed as a toroidal coil or part of a toroidal
coil. A change in current 1. through the supply line 125
produces an increasing magnetic field B, encircling the
supply line 125. The increasing magnetic field can drive a
current 1, along the Rogowski coil.

[0044] To reduce the effect of stray magnetic flux that
penetrates a loop formed by the Rogowski coil and its leads
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207, 208 (e.g., magnetic flux from another source that flows
parallel to the supply line 125), one of the leads may be fed
back through the toroidal winding of the Rogowski coil and
twisted with the other lead after exiting the Rogowski coil.
This can improve the signal-to-noise ratio for the firing-
sensor circuits. An example of a lead that 1s fed back through
the toroidal winding 1s depicted 1in FIG. 2C.

[0045] FIG. 2A depicts a single lead of a coil-supply line
125. In general, a coil-supply line 125 for the systems
depicted in FIG. 1A and FIG. 1B comprises at least two lines
(send and return lines for current). In some cases, there can
be multiple send lines to and multiple return lines from a
single electromagnetic coil 130-1 or a group of coils. The
Rogowski coil 205 can extend around one or more of the
send lines 1 some cases. Additionally, the Rogowski coil
205 can extend around one or more return lines where the
windings of the Rogowski coil 205 on the send and return
lines are 1n opposite directions so that the currents contrib-
uted by each Rogowski winding add constructively for the
Rogowski coils. By choosing the number of send and/or
return coil-supply lines 125 within the Rogowski coil and/or
the number of windings 1n a Rogowski coil, the amount of
current 1, generated by the Rogowski coil 205 can be
controlled.

[0046] The firing-sensor circuit 140-1 can further include
an optical diode 210, which may be a light-emitting diode or
laser diode. Current 1, generated 1n the Rogowski coil 205
can be applied to the optical diode 210 to generate light. A
turn-on voltage for the optical diode 210 may be between 1
volt (V) and 5 V. The light from the optical diode 210 may
be transmitted in free space or coupled into an optical fiber
230 with a coupling optic 220 (e.g., lens, GRIN lens, tapered
fiber, mode-field adapter, etc.). In some 1mplementations,
the optical fiber 230 may be butt-coupled or pigtailed
directly to the optical diode 210 without a coupling optic
220. In some cases, the optical fiber 230 can couple to mnput
circuitry in the protection circuit 150-1 and may serve as a
sense signal line 145 so that sensor signals propagate to the
protection circuit at essentially the speed of light within the

fiber.

[0047] For some apparatuses, the current 1 tlowing 1n the
coil-supply line(s) 1235 can be large enough that a sutlicient
amount ol current 1, can be produced 1n the Rogowski coil
205 to directly drive the optical diode 210 and produce light
without using an amplifier. In some cases, a low-pass RC
filter may be placed between the Rogowski coil and a load
driven by the coil to control an amount of the current i,
delivered to the optical diode 210. In other cases, an ampli-
fier may be used before the optical diode 210 to amplity the
output of the Rogowski coil 205.

[0048] The amount of light output from the optical diode
210 can indicate an amount of current 1. tlowing in the
supply line, though the correspondence may not be a linear
relationship over the range of current levels 1n the supply
line 125. A current-limiting resistor R1 having a value
between 1 ohm (£2) and 35000£2 may be included 1n series
with the Rogowski coil 205 and optical diode 210 to avoid
overdriving and damaging the optical diode. A Zener diode
D1 may also be used and arranged to shunt excess voltage
and current that might otherwise damage the optical diode
210. The Zener voltage for the diode D1 may be between 2
V and 100 V. Because the optical diode 210 can be directly

driven by current generated in the Rogowski coil 2035, the
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response time to produce an optical sensor signal that
indicates activation of a supply circuit can be less than 50 ns
1n some cases.

[0049] FIG. 2B illustrates another example of a firing-
sensor circuit 141-1 1n which a current divider 1s used. The
current divider comprises resistors R1 and R2, where resis-
tor R1 1s 1n series with the optical diode 210. The value of
resistor R1 may be between 1 ohm (£2) and 5000€2 and the
value of resistor R2 may be between 1 ohm (£2) and 300082,
The value of R2 may be less than the value of R1. By using
a current divider, the firing-sensor circuit 140-1 has greater
design tlexibility and the optical diode 210 can be made to
turn on and emit light when a predetermined or threshold
amount of current 1, flows trom the Rogowski coil 205.

[0050] As an example, optical diode 210 may be a laser
diode that has an optical threshold voltage of 2 V. Zener
diode D1 may have a Zener voltage of 9V. The value of R2
can be chosen such that the laser diode may not turn on and
emit light until the product 1,xR2 exceeds at least approxi-
mately 2 V. Light emitted from the laser diode can be
detected via the optical fiber 230 at the protection circuit
150-1. Any detected light can indicate that the monitored
supply circuit 1s activating. Accordingly, the resistor R2
allows adjustment of a thresholding behavior that 1is
designed into the firing-sensor circuit 141-1 of FIG. 2B and
the circuit may still have a response time of less than 50 ns.
In contrast, the circuit of FIG. 2A may require downstream
thresholding circuitry to determine when a suflicient amount
of current, indicative of a supply circuit activation, 1is
flowing 1n the coil-supply line 250. In some implementa-
tions, downstream thresholding circuitry can be used for the

circuit of FIG. 2A and FIG. 2B.

[0051] FIG. 2C depicts an example of a firing-sensor
circuit 142-1 that can activate more than one optical diode
210. The optical diodes 210 may operate at a same optical
wavelength or emit at different wavelengths. In some cases,
the optical diodes 210 may have different threshold values.
Outputs from the optical diodes 210 can be coupled mto a
single optical fiber or same optical path, or the outputs may
be sent to different optical receivers by diflerent optical
fibers or optical paths. According to some implementations,
there can be at least one low-pass filter (e.g., comprising
resistors R1, R2 and capacitors C1, C2) connected between
the Rogowski coil and the optical diodes 210 to help filter
out high-frequency noise.

[0052] FIG. 3 depicts an example of a supply circuit 120-1
that may be used to drive current through one of the
clectromagnetic coils 130-1 depicted 1n the system of FIG.
1A. For the implementation of FIG. 1B, there can be a
plurality of the illustrated supply circuits 120-1 connected in
parallel to each coil. The supply circuit 120-1 can include a
capacitor C1 that may be used to store energy that 1s later
applied to the coil 130-1 when the supply circuit activates.
The capacitor C1 may be charged by a source 305 (a current
source or voltage source), which may or may not be part of
the supply circuit. In some cases, a resistor R1 1s used to
control a charging rate of the capacitor C1. The source 305
may operate up to a voltage V,, between 10 V and 60 kV.
The capacitor C1 can comprise a single capacitor or a bank
of capacitors in some cases. The total capacitance of capaci-

tor C1 can be between 1 nanofarad (nF) and 1 farad (F).

[0053] The capacitor C1 can connect in series with a
switch 310 that closes to apply energy stored in the capacitor
C1 to the coil 130-1 when switched from an open state to a
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closed state. A second switch 311 can be connected between
the coil 130-1 and the source 305 to disconnect the source
from the capacitor C1 after the capacitor reaches a desired
charge. The switches may comprise one or more semicon-
ductor power switches such as, but not limited to, a silicon-
controlled rectifier (SCR), thyristor, an insulated gate bipo-
lar transistor (IGBT), vertical-channel power MOSFET, etc.
arranged to initiate and stop a large amount of current
flowing between the source 305 and/or capacitor C1 and coil
130-1 via supply line 125. The switch 310 can be controlled
by an output signal from a dual-input trigger circuit 320,
described further below, or may be a self-commutating
switch. Although the drawing shows one source (voltage
source 305) providing current to charge one supply circuit
120-1, 1n other cases one source may provide current to
charge two or more supply circuits that are connected 1n
parallel to the one source. Each supply circuit can have its
own capacitor(s) and switches to connect to at least one coil,
and each supply circuit can be configured to deliver energy
to at least one coil independently of the other supply circuits.
Other examples of supply circuits that may be used with the
above-described systems are described 1n U.S. provisional
application Ser. No. 63/196,469 filed on Jun. 3, 2021, titled
“Energy Recovery 1n Electrical Systems,” which application
1s incorporated herein by reference in its entirety.

[0054] FIG. 4 illustrates an example of a dual-input trigger
circuit 320 according to one example implementation. The
circuit can include a first input channel IN_1 and a second
input channel IN_2. In some cases, the circuit can further
include a comparator 410 and logic gate 420 (such as an OR
gate as depicted). The output OUT of the trigger circuit 320

can connect to a control terminal of the switch 310, as
depicted 1n FIG. 3.

[0055] The first input channel IN_1 of the trigger circuit
320 may receive an optical signal (as 1llustrated) and convert
it to an electrical signal (analog or digital) for some appli-
cations. The optical signal may be received over an optical
fiber or fiber optic cable, for example. The recerved optical
signal may be a sensor signal from a firing-sensor circuit
140-1 described above or may be a firing signal from a
protection circuit 150-1. In other cases, the first input
channel IN_1 may receive an electrical input signal instead
(e.g., 1f optical-to-electrical transduction 1s done prior to the
trigger circuit 320). If an optical signal 1s received, a
high-speed photodiode or avalanche photodiode 405 and
resistor R3 can be used to convert the optical signal to an
analog electrical signal. The photodiode 405 can be con-
nected 1n series with the resistor R3. The value of the resistor
may be between 50€2 and S000€2. The photodiode 405 may
be reverse biased with a voltage source providing a bias
voltage V,. .. When an optical signal 1s received, the pho-
todiode 405 can conduct current to resistor R3, elevating the
voltage Vs on node 407. In some cases, an amplifier may be
used to amplily an output from the photodiode.

[0056] Insome cases, where signal comparison 1s not done
upstream, the dual-mnput trigger circuit 320 can include a
comparator 410 or Schmitt trigger. An output from the
photodiode 405 at node 407 may connect to a non-nverting
input of the comparator 410. The voltage Vs can be com-
pared to a reference voltage V, by comparator 410, which
reference voltage serves as a threshold voltage. If Vs
exceeds the reterence voltage V. then a high-level output
can be provided to the OR gate 420, producing a logic HI
output on the trigger circuit’s output OUT. The logic HI
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output signal can activate switches 310, 311 to apply current
from the capacitor C1 to the coil 130-1 and disconnect the
source 305. It Vs does not exceed the reference voltage V4
then a logic LO voltage output can be provided to the OR
gate 420, producing a logic LO output on the trigger circuit’s
output OUT. The low output signal may return the switch
310 to an off state, or 1t may not affect a status change 11 the
second 1nput channel IN_2 1s at a logic HI state.

[0057] In some cases, a comparator 410 may not be used.
Instead, the voltage Vs may be applied directly to the input
of the OR gate 420, and 1ts digital input circuitry can
determine whether the received signal 1s HI or LO. This can
be achieved when the received optical signal at diode 405 1s
high enough to produce a voltage Vs that exceeds the logic

HI threshold of the OR gate.

[0058] The second input channel IN_2 of the trnigger
circuit 320 may receive an electrical input signal (as 1llus-
trated) or may receive an optical iput signal. IT an optical
signal 1s received, then the second mput channel may also
include at least a photodiode and resistor as included for the
first input channel. In some cases, an electrical logic signal
can be received by the second input channel IN_2, 1n which
case the signal can be applied directly to a second 1nput of
the OR gate 420. The second 1mnput channel IN_2 can be used
for a control signal, e.g., from the system controller 110, to
activate the switch 310 and activate the supply circuit 120-1.

[0059] Although a dual-input trigger circuit 320 1s
described above, an N-input trigger circuit may be used for
some applications to allow additional signals to operate the
supply circuit 120-1. For such trigger circuits, an N-way OR
gate may be used, or a plurality of OR gates may be
connected together 1n a tree structure to form an N-way OR
gate. Further, although certain polarities of signals are
described herein for a certain action or actions i1n a circuit,
the circuit may be constructed to use opposite polarities and
still perform the same overall function or functionalities. For
example, nverters, reversing inverting and non-inverting
inputs on op-amps or comparators, using opposite polarity
voltage supplies, and/or using p-type transistors instead of
n-type transistors may be implemented to reverse polarities
and achieve a same function or functionalities.

[0060] FIG. 5 depicts an example of a protection circuit
150-1 that can be used 1n the systems of FIG. 1A and FIG.
1B. The protection circuit 150-1 can include a multi-way
optoisolation mput circuit 510 having N 1nputs, a control
circuit 520, a switch 530, a multi-way electro-optic output
circuit 540, and a programmable-delay circuit 550 having
one or more delayed outputs 344. In some implementations,
the switch 530, control circuit 520, and delay circuit 550
may be omitted. The illustrated circuit has N=8 input circuits
512 to detect activation of one or more supply circuits 1n a
group of supply circuits and one or more firing signals from
one or more other protection circuits. The 1illustrated pro-
tection circuit 150-1 also has N=8 output circuits 542 to
apply firing signals simultaneously to supply circuits and
protection circuits. In some implementations, there can be a
different number of input circuits 512 and output circuits
542. Diodes D1, D2, and D3 may be included to restrict the
direction of current tlow and/or help 1solate sub-circuits
from each other. For the 1llustrated protection circuit 150-1,
any one of the eight mput circuits 512 can produce a signal
(from the mput circuit 510 that indicates activation of a
supply circuit) that can be passed by the switch 330 to at
least activate all output circuits 542 simultaneously. The
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signal passed by the switch can further activate the delay
circuit 550 and delayed outputs 544.

[0061] The input circuits 312 and output circuits 542, 544
can be connected through the switch 530. The switch 530
may be controlled with a signal applied to either of two
inputs 1nl, 2. A non-limiting example of such a switch 1s
a normally-closed bus switch. In some 1mplementations, a
normally-open bus switch may be used (such as model
NC7SZ66 available from ON Semiconductor) to implement
a normally-closed switch as described further below.

[0062] According to some implementations, the multi-
way 1nput circuit 510 can receive at least one optical signal
(indicating that a power supply circuit 1s activating) from
any one or more of N separate mput circuits 312 and output
an electrical logic-level signal (e.g., a HI or LO pulse) from
an N-way decision circuit 316. In some implementations, the
input circuits 512 can each include an opto-electronic trans-
ducer (e.g., photodiode 405, resistor R3, and possibly a
comparator 410 as described above 1n connection with FIG.
4. In some cases, a Schmitt trigger may be used instead of
a comparator. If signal comparison 1s performed at the
protection circuit 150-1, then signal comparison may not be
used at the dual-input trigger circuit 320. In some 1mple-
mentations, the mnput circuits can 512 be commercially-
packaged optical receivers that digitize a received optical
signal to a TTL-compatible electrical signal. Such input
circuits may be ANDed together using diodes after each
optical receiver. The optical receivers may have an optical
sensitivity of —22 dBm and an electrical rise time of about
D ns.

[0063] Outputs from the mput circuits 512 can connect
directly or indirectly to iputs of an N-way decision circuit
516 (illustrated as an 8-way AND gate 1in the drawing,
though an N-way OR gate may be used in other implemen-
tations). Signals from the mput circuits 512 may be inverted
such that when an 1nput optical signal transitions from a low
level to a high level, the output signal from an iput circuit
512 transitions from a high level to a low level. In such a
case, receipt of a high optical signal at any one of the 1input
circuits 512 can indicate the activation of a supply circuit
120 1n the system.

[0064] For the illustrated example of FIG. 5, the N-way
decision circuit 516 may be implemented as an 8-way AND
gate. In some cases, the AND gate may be embodied as eight
diodes connected in parallel to the outputs of each input
circuit 512 and connected to a common input node of the
switch 530. Normally, the 8 outputs from the input circuits
512 are all high when no optical signal 1s received at any
input circuit 512. There may be logic pull-up resistors on the
outputs of the decision circuit 516. When an optical signal
1s recerved at an mput circuit 512, the output of the N-way
decision circuit 516 can transition from a first state to a
second state (HI to LO in the illustrated example). For
example, a received optical signal can temporarily pull the
line from the decision circuit 516 to the switch 530 to a LO
logic level with a negative-going pulse. The switch may be
normally closed so that the negative-going pulse passes
through to the output of the switch 530 temporarily pulling
the lines to the mverters 535, 537 low. The resulting HI
levels from 1verters 535, 537 can cause the output circuits
542, 544 to turn on an optical diode 1n each output circuit an
emit an optical signal. The output circuits 5342, 544 can be
commercially-packaged optical transducers or transmitters
that convert a received digital signal into an output optical
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signal. Output signals from the output circuits 542 can be
provided as mput signals to first mputs IN_1 of the dual-
input trigger circuits 320 1n supply circuits 120 for one or
more coils and as mputs for one or more other protection
circuits. Accordingly, when any one of the N input circuits
512 receives an optical signal, all N output circuits 542 will
simultaneously provide firing signals to their respective
supply circuits and protection circuits to which the output
circuits are coupled. The response time of the protection
circuit 150-1, from receipt of an optical signal that qualifies
as a triggering signal (e.g., indicates activation of a supply
circuit) to output of an optical or electrical firing signal can
be a time 1 a range from 10 ns to 300 ns 1n some cases.

[0065] The negative-going pulse from the input circuits
512 and decision circuit 516 may be blocked by the switch
530 using the second input 1n2. For example, the jumper 525
coupled to the control circuit 520 can be placed across the
lower terminals to connect the control circuit 520 to the
switches second input 1n2. A negative-going output from the
control circuit 520 applied to the switch 530 can open the
switch, disconnecting the multi-way 1put circuit 310 from
the multi-way output circuit 540 and blocking a pulse
received from any one of the mput circuits 512.

[0066] In some implementations, the protection circuit
150-1 can further include a programmable-delay circuit 350
to provide delayed output firing signals from the delay
output circuits 344. The programmable-delay circuit may
comprise a fine variable-delay circuit 552 and a stepped
delay circuit 554. In some cases, delay values for the
variable-delay circuit 52 and stepped-delay circuit 554 may
be set manually (e.g., with a potentiometer and switch,
respectively). In other cases, each of these two circuits may
be controlled by the system controller 110 to select an
appropriate delay. The controller 110 may also communicate
with the mput circuits 512 and control circuit 520 1n some
cases. For example, the controller 110 may issue one or more
control signals to trigger at least one of the mput circuits 512
which will produce firing signals transmitted from the output
circuits 542. Alternatively, the controller 110 may issue a
control signal (e.g., a pulse) to the control circuit 520, when
the control circuit 1s jumpered to couple to the output circuits
542, to produce firing signals transmitted from the output
circuits 542.

[0067] The variable-delay circuit 552 may comprise a
programmable timer (such as the L1TC6994 programmable
timer available from Analog Devices) to delay a negative-
going pulse from the switch 530 from 1 microsecond to as
much as 33 seconds. In some cases, a single-shot monos-
table pulse generator may be used to generate a negative-
going pulse of a predetermined length from the pulse
received from the switch 530. In other implementations, the
variable-delay circuit 552 may comprise one or more syn-
chronized clocks and one or more programmable counters
that can delay a trigger edge of a received pulse from the
switch 530 by up to 50 microseconds. The stepped delay
may comprise a synchronized clock and a single 2-bit
counter that can delay a trigger edge by one clock cycle or
8 clock cycles, for example. The delayed pulses output from
the delayed output circuits 544 can be used to sequence or
correctly time activation of supply circuits 1n other parts of
the system. For example and referring again to FIG. 1B, if
coil m 1s coupled inductively to coil m+1, then coill m and
circuitry connected to coil m 1s protected as long as coil m+1
fires before the current in coil m peaks. This sequence of
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firing can be achueved by outputting a firing signal to the
supply circuit(s) for coil m+1 from an output circuit 542 and
outputting a firing signal to the supply circuit(s) for coil m
from a delayed output circuit 544.

[0068] The protection circuit 150-1 can also include a
control circuit 520 that 1s connectable by a jumper 3525 to
different portions of the protection circuit. The control
circuit 520 can have the same circuit design as the iput
circuits 312 1n some cases, though other circuits may be used
to receive and pass a control signal. The control circuit 520
may receive an optical or electrical signal from another
source (e.g., system controller 110, another protection cir-
cuit) and output an electrical signal to control at least the
output circuits 542. In a first configuration of jumper 525,
the output from the control circuit 520 can be applied only
to the output circuits 542, via diode D1 and inverter 535.
This jumper configuration may be used to override the input
circuits 512 and/or test the output circuits. In a second
jumper configuration, the output of control circuit 520 can
be applied to the switch 530 to block the signals from the
input circuits 512. The second jumper configuration may be
used to disable the protection circuit until a time when the
system 1s ready for operation (e.g., until all supply circuits
are 1n a ready state to commence activating and delivering
current). In some cases, the jumper configuration can be set
by software, e.g., by code execution on the system controller

110.

[0069] FIG. 6 depicts a system 1n which protection circuits
150 may be used to mtentionally delay or precisely time the
activation of supply circuit banks 1n a selected order. In a
large system such as an accelerator or cyclotron, there may
be a plurality of supply circuit banks that activate in a
selected sequential order with a selected time delay between
the activation of each successive bank. In some 1implemen-
tations, propagation delay or delay circuitry 1n a protection
circuit 150-1 can provide the selected time delay. For the
implementation of FIG. 6, a master protection circuit 150-#:
can output a firing signal to a first protection circuit 150-1
that controls the activation of supply circuits 120-1 for a first
coill 630-1 which 1n turn 1ssues a firing signal to activate
supply circuits 120-2 for a successive coil 630-2 1n a {iring
sequence from coil 1 to coil 5. The first protection circuit
150-1 can output first firing signals over protection signal
lines 155 to its supply circuits 120-1 to activate the supply
circuits simultaneously 1n the first bank of supply circuits
120-1. The first protection circuit 150-1 can also output a
delayed firing signal over a firing control line 6335 to a
second protection circuit 150-2, which 1n turn controls the
activation of its supply circuits 120-2 for the second coil
630-2 and signals the activation of supply circuits for the
third coil 630-3 1n the sequence. The firing signals over the
firing control lines 655 may be delayed by the selected time
delay for each successive bank of supply circuits (1.e., the
desired delay between powering each coil 1n the sequence).
In this manner, the banks of supply circuits for the coil 630-1
through coil 630-5 can be activated 1n sequence with the
selected time delay between the firing of each coil.

[0070] During operation, each protection circuit 150-1
through 150-5 can monitor individual supply circuits 120 in
their respective bank of supply circuits for the premature or
errant activation of any one supply circuit in the group.
Should any one supply circuit in a bank activate, the
corresponding protection circuit can trigger all other supply
circuits 1n the bank to activate as described above. I the
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activation of all supply circuits 1n a bank 1s out of an overall
sequence with other banks of supply circuits (as may be
detected by a status signal at the corresponding protection
circuit), internal logic circuitry 1n the protection circuit may
not signal a successive bank of supply circuits to activate.
The status signal may indicate whether or not a protection
circuit has received a firing signal from a prior protection
circuit 1n the firing sequence. Each protection circuit 150-1
through 150-5 can also feedback a status signal to the master
protection circuit 150-z2 that indicates the status of the
protection circuit (e.g., ready to activate, firing signal
received from prior protection circuit, activating a bank of
supply circuits out of sequence), so that the master protec-
tion circuit 150-m can determine when to 1mitiate a subse-
quent {iring sequence.

[0071] In some cases, a master protection circuit 150-w
may communicate with each protection circuit 150-1
through 150-5 directly over separate communication chan-
nels or lines. For some implementations, a master protection
circuit may control nearest-neighbor banks of supply circuits
to activate within a selected time delay when one bank of
supply circuits activates prematurely or 1n error.

[0072] For some implementations, such as that shown 1n
FIG. 6, each supply circuit can have a single input (signal
line 155) that controls activation of the supply circuit to
deliver current and/or power to a connected load. For
example, protection signal lines 155 can each carry a firing
signal to a single supply circuit 1n a bank of supply circuits
120-1, and there may be no other input channel (e.g., from
a master controller) to each supply circuit 1n the bank of
supply circuits that controls activation of each supply cir-
cuit. Of course, combinations of control signals and firing
signals are possible 1n a system. For example, at least one of
the protection circuits 150-1 through 150-5 may be con-
trolled by control signals from a controller 110 instead of, or
in combination with, firing signals from a master protection
circuit 150-m. Alternatively, or additionally, at least one of
the supply circuits or at least one bank of supply circuits in
FIG. 6 can be communicatively coupled to and controlled, at
least 1n part, by a controller 110.

[0073] FIG. 7 depicts acts that may be practiced {for
methods of activating two or more supply circuits that drive
large currents and/or high power. As an example, a method
may comprise monitoring (act 705), by a protection circuit
150-1, for at least one sensor signal from two or more
firing-sensor circuits 140 during operation of the system,
wherein the sensor signal indicates that a supply circuit
120-1 coupled to at least one of the firing-sensor circuits
140-1 1s activating. The firing-sensor circuits 140 can sense
whether a corresponding supply circuit in the system or
within a bank of supply circuits 1s activating. The method
may further include receiving (act 710), by the protection
circuit 150-1, an optical sensor signal from one of the
firing-sensor circuits 140 at the protection circuit and con-
verting (act 720), by the protection circuit, the optical sensor
signal to an electrical analog sensor signal. The method may
turther include comparing (act 730), by the protection circuit
150-1, the analog sensor signal to a reference value. If the
analog sensor signal exceeds the reference (condition 740),
then the protection circuit 150-1 may 1ssue (act 743) firing
signals to activate two or more other supply circuits 120 1n
the system or i a bank of supply circuits. The supply
circuits and protection circuit may then return (act 750) to a
ready status for activating again and return to monitoring,
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(act 705) for at least one sensor signal from the two or more
firing-sensor circuits. If the analog sensor signal does not
exceed the reference value (condition 740), then the protec-
tion circuit may return to momtoring (act 7035) for the at least
one sensor signal from the two or more firing-sensor circuits.
In implementations where determination of a firing signal 1s
performed prior to the protection circuit (e.g., at the firing-
sensor circuit as described above), the acts of comparing (act
730) and determining whether the analog sensor signal
exceed the reference (condition 740) may not be included 1n
the method of operating the supply circuits.

[0074] Implementations of a protection circuit 150-1
described herein can also include methods of assembly. A
method of assembling a protection circuit can include acts of
assembling a multi-way 1nput circuit 510 having a plurality
of mput circuits 512 and arranging the input circuits in
parallel to recerve in parallel a plurality of input signals (e.g.,
sensor signals and/or firing signals). The 1nput circuits 512
may or may not include circuitry that performs threshold
detection to determine 1f a received signal qualifies as a
triggering signal for the protection circuit (e.g., to determine
i a recetved signal indicates the activation of a supply
circuit). The method of assembly can further include cou-
pling a decision circuit 316 to the plurality of mput circuits
512 to output a first signal in response to receipt, by any one
of the plurality of input circuits, of a first input signal of the
plurality of input signals that qualifies as a triggering signal.
The method can further include coupling a multi-way output
circuit 540 to the decision circuit and configuring the
multi-way output circuit to output a plurality of second
signals (e.g., firing signals) simultaneously in response to
receiving the first signal from the decision circuit.

[0075] The protection circuits and systems described
above and methods of operating the protection circuits and
systems can be implemented 1n different configurations,
some examples ol which are listed below.

[0076] (1)A system comprising: an electromagnetic coil to
produce a magnetic field 1n response to current flowing in
the electromagnetic coil; a plurality of supply circuits
coupled to the electromagnetic coil with a plurality of supply
lines, each supply circuit of the plurality of supply circuits
having two input channels such that each supply circuit of
the plurality of supply circuits is controllable, by a first input
signal on a first input channel of the two 1nput channels or
a second 1put signal on a second mput channel of the two
input channels, to output at least a portion of the current to
the electromagnetic coil for producing the magnetic field; a
plurality of sensor circuits coupled to the plurality of supply
lines, wherein each sensor circuit of the plurality of sensor
circuits 1s configured to detect activation of a supply circuit
of the plurality of supply circuits that 1s coupled to a supply
line of the plurality of supply lines to which the sensor
circuit 1s coupled, and wherein the activation comprises
iitiating delivery of the portion of the current from the
supply circuit to the electromagnetic coil through the supply
line to which the sensor circuit 1s coupled; a controller
coupled to at least one controlled supply circuit of the
plurality of supply circuits to provide the first input signal to
activate at least the one controlled supply circuit; and a
protection circuit coupled to the plurality of sensor circuits
and to the plurality of supply circuits, the protection circuit
comprising: a multi-way 1nput circuit to recerve at least one
sensor signal from the plurality of sensor circuits that
indicates activation of the activated supply circuit; and a
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multi-way output circuit coupled to the multi-way input
circuit to output, in response to receipt of the sensor signal
by the first multi-way mput circuit, at least one firing signal
to at least one supply circuit of the plurality of supply
circuits other than the activated supply circuit, wherein each
firing signal of the at least one firing signal 1s delivered as
the second 1nput signal to the at least one supply circuit and
causes delivery of the portion of the current from the at least
one supply circuit simultaneous with delivery of the portion
of the current from the activated supply circuait.

[0077] (2)Asystem comprising: a plurality of electromag-
netic coils to produce a magnetic field 1n response to a
plurality of currents flowing in the plurality of electromag-
netic coils; a plurality of supply circuits coupled to the
plurality of electromagnetic coils with a plurality of supply
lines, each supply circuit of the plurality of supply circuits
having two mput channels such that each supply circuit of
the plurality of supply circuits is controllable, by a first input
signal on a first input channel of the two 1nput channels or
a second mput signal on a second mput channel of the two
input channels, to provide a portion of the plurality of
currents to an electromagnetic coil of the plurality of elec-
tromagnetic coils that 1s connected to the supply circuit of
the plurality of supply circuits; a plurality of sensor circuits
coupled to the plurality of supply lines, wherein each sensor
circuit of the plurality of sensor circuits 1s configured to
detect activation of an activated supply circuit of the plu-
rality of supply circuits, wherein the activation comprises
initiating delivery of the portion of the plurality of currents
from the activated supply circuit to an electromagnetic coil
of the plurality of electromagnetic coils that is connected to
the activated supply circuit; a controller coupled to at least
one controlled supply circuit of the plurality of supply
circuits to provide the first input signal to activate at least the
one controlled supply circuit; and a protection circuit
coupled to the plurality of sensor circuits and to the plurality
of supply circuits, the protection circuit comprising: a multi-
way 1nput circuit to receive at least one sensor signal from
the plurality of sensor circuits that indicates activation of the
activated supply circuit; and a multi-way output circuit
coupled to the multi-way mput circuit to output, in response
to receipt of the sensor signal by the multi-way mput circuit,
at least one firing signal to at least one supply circuit of the
plurality of supply circuits, wherein the at least one firing
signal 1s delivered as the second input signal to the at least
one supply circuit and causes delivery of the portion of the
plurality of currents from the at least one supply circuit
simultaneous with delivery of the portion of the plurality of
currents from the activated supply circuit.

[0078] (3) The system of configuration (1) or (2), wherein
cach sensor circuit of the plurality of sensor circuits includes
a Rogowski coil that extends around at least part of one
supply line of the plurality of supply lines.

[0079] (4) The system of configuration (3), wherein each
sensor circuit of the plurality of sensor circuits further
comprises an optical diode that recerves unamplified current
from the Rogowski coil to activate the optical diode and
output an optical pulse for the at least one sensor signal.

[0080] (5) The system of configuration (4), wherein each
sensor circuit further includes a current divider connected to
an output of the Rogowski coil, the current divider com-
prising: the optical diode 1n series with a first resistor 1 a
first circuit branch of the current divider; and a second
resistor 1n a second circuit branch of the current divider that
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1s 1n parallel with the first circuit branch, wherein a first
resistance value of the first resistor and a second resistance
value of the second resistor are selected to determine a
threshold condition above which the optical diode will
output the optical pulse.

[0081] (6) The system of configuration (4) or (35), wherein
cach sensor circuit of the plurality of sensor circuits further
comprises at least one optical fiber to receive the optical
pulse from the optical diode and to transmit the recerved
optical pulse to one mput of the multi-way 1nput circuit.
[0082] (7) The system of any one ol configurations (1)
through (6), wheremn each mput of the multi-way input
circuit comprises an opto-electronic transducer to convert a
received optical sensor signal from a sensor circuit of the
plurality of sensor circuits mto an electronic signal that
produces a pulse which 1s transmitted to the multi-way
output circuit.

[0083] (8) The system of any one of configurations (1)
through (7), wherein the multi-way output circuit comprises
a plurality of transducers to convert received electrical
signals into optical firing signals that are output from the
protection circuit as the at least one firing signal.

[0084] (9) The system of any one of configurations (1)
through (8), wherein the protection circuit further com-
prises: a delay circuit coupled to the multi-way 1nput circuit
to output a first signal that 1s delayed with respect to a second
signal received from the multi-way input circuit; and an
output circuit coupled to the delay circuit, to receive the first
signal and output at least one optical signal that 1s delayed
with respect to the at least one firning signal.

[0085] (10) The system of configuration (9), wherein the
protection circuit further comprises: a switch connected
between the multi-way mput circuit and the delay circuit, the
switch having a first control mput to disconnect the multi-
way input circuit from the multi-way output circuit.

[0086] (11) The system of any one of configurations (1) or
(3) through (10), wherein the electromagnetic coil, the
plurality of supply circuits, the plurality of sensor circuits,
and the protection circuit belong to a first group of magnetic
field-producing components and the system further com-
prises: two or more second groups of magnetic field-pro-
ducing components arranged to participate in producing the
magnetic field with the first group of magnetic field-pro-
ducing components, wherein each second group of magnetic
field-producing components includes an electromagnetic
coil, a plurality of supply circuits, a plurality of sensor
circuits, and a protection circuit; and a master protection
circuit connected to the protection circuit in the first group
of magnetic field-producing components and each protec-
tion circuit 1n the two or more second groups ol magnetic
field-producing components.

[0087] (12) The system of any one of configurations (1) or
(3) through (11), wherein the electromagnetic coil 1s a first
clectromagnetic coil, the magnetic field 1s a first magnetic
field, the current 1s a first current, the plurality of supply
circuits 1s a first plurality of supply circuits, the plurality of
supply lines 1s a first plurality of supply lines, the plurality
of sensor circuits 1s a first plurality of sensor circuits, the
activated supply circuit 1s a first activated supply circuit, the
sensor circuit 1s a first sensor circuit, the at least one sensor
signal 1s or are at least one {irst sensor signal, the protection
circuit 1s a {irst protection circuit, the multi-way mput circuit
1s a first multi-way mput circuit, the multi-way output circuit
1s a first multi-way output circuit, and the at least one firing
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signal 1s or are at least one first firing signal the system
turther comprising: a second electromagnetic coil to produce
a second magnetic field 1n response to a second current
flowing in the second electromagnetic coil; a second plu-
rality of supply circuits coupled to the second electromag-
netic coil with a second plurality of supply lines, each supply
circuit of the second plurality of supply circuits having two
input channels such that each supply circuit 1s controllable
by a third mput signal on a first input channel of the two
input channels or a fourth mnput signal on a second 1nput
channel of the two 1mnput channels to provide a portion of the
second current to the second electromagnetic coil for pro-
ducing the second magnetic field; a second plurality of
sensor circuits coupled to the second plurality of supply
lines, wherein each second sensor circuit of the second
plurality of sensor circuits 1s configured to detect activation
ol a second activated supply circuit of the second plurality
of supply circuits that 1s coupled to a supply line of the
second plurality of supply lines to which the second sensor
circuit of the second plurality of sensor circuits 1s coupled
and wherein the activation comprises initiating delivery of
the portion of the second current from the second activated
supply circuit to the second electromagnetic coil; and a
second protection circuit coupled to the second plurality of
sensor circuits and to the second plurality of supply circuits,
the protection circuit comprising: a second multi-way input
circuit to receive at least one second sensor signal from the
second plurality of sensor circuits that indicates activation of
the second activated supply circuit; and a second multi-way
output circuit coupled to the second multi-way 1nput circuit
to output, 1 response to receipt of the second sensor signal
by the second multi-way 1nput circuit, at least two second
firing signals simultaneously to at least one second supply
circuit of the second plurality of supply circuits other than
the second activated supply circuit and to the first protection
circuit, wherein at least one of the second firing signals
causes delivery of the portion of the second current from the
at least one second supply circuit simultaneous with delivery
of the portion of the second current from the second acti-
vated supply circuit.

[0088] (13) The system of any one of configurations (1)
through (12), wherein the electromagnetic coil carries a peak
current 1n a range from 1,000 amps to 200,000,000 amps for
a period of time less than 100 milliseconds.

[0089] (14) The system of configuration (13), wherein the

clectromagnetic coil produces or participates 1n producing
with one or more additional electromagnetic coils in the
system a peak magnetic field having a value 1n a range from
10 Tesla to 40 Tesla when carrying the peak current.

[0090] (15) The system of configuration (14), wherein the

plurality of supply circuits activate repeatedly at least 1,000
times during operation of the system without replacing a
component of the system.

[0091] (16) A method for applying a plurality of currents
to at least one electromagnetic coil 1n a system to produce a
magnetic field, the method comprising: monitoring, with a
protection circuit, for a sensor signal from a plurality of
sensor circuits that are coupled to a plurality of supply lines
that couple a plurality of supply circuits to the at least one
clectromagnetic coil, wherein the sensor signal indicates
activation of a supply circuit of the plurality of supply
circuits to deliver a first amount of current from the activated
supply circuit to an electromagnetic coil of the at least one
clectromagnetic coil for producing the magnetic field;
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receiving, at the protection circuit, the sensor signal from
one sensor circuit of the plurality of sensor circuits; and
outputting, from the protection circuit to at least one supply
circuit of the plurality of supply circuits other than the
activated supply circuit, at least one firing signal 1n response
to receipt of the sensor signal that cause or causes the at least
one supply circuit of the plurality of supply circuits to
deliver a second amount of current to the electromagnetic
coil simultaneous with delivery of the first amount of current
by the activated supply circuit.

[0092] (17) The method of (16), further comprising pro-
ducing the magnetic field i response to delivering the
second amount of current.

[0093] (18) The method of (16) or (17), further comprising
issuing a command with a controller that causes the acti-
vated supply circuit of the plurality of supply circuits to
initiate delivery of the first amount of current to the at least
one electromagnetic coil.

[0094] (19) The method of any one of (16) through (18),
turther comprising sensing, by each sensor circuit of the
plurality of sensor circuits, flow of current in each supply
line of the plurality of supply lines with a Rogowski coil.
[0095] (20) The method of (19), further comprising: driv-
ing an optical diode directly with an output from the
Rogowski coil to produce an optical pulse; and transmitting
the optical pulse as the sensor signal to the protection circuit
with an optical fiber.

[0096] (21) The method of (20), further comprising divid-
ing, with a current divider, current from the Rogowski coil
into a first circuit branch and a second circuit branch that 1s
connected 1n parallel with the first circuit branch, wherein:
the first circuit branch includes a first resistor connected in
series with the optical diode; the second circuit branch
includes a second resistor; and a first resistance value of the
first resistor and a second resistance value of the second
resistor determine a threshold condition above which the
optical diode will produce the optical pulse.

[0097] (22) The method of any one of (16) through (21),
turther comprising: converting, with an nput circuit of the
protection circuit, an optical signal recerved as the sensor
signal from the one sensor circuit to an electrical signal; and
converting, by the protection circuit, the electrical signal to
the at least one firing signal, wherein the at least one firing
signal 1s an optical signal or are optical signals.

[0098] (23) The method of (22), wherein the amount of
time to convert the received optical signal to the electrical
signal and to convert the electrical signal to the at least one
firing signal 1s no greater than 50 nanoseconds.

[0099] (24) The method of any one of (16) through (23),
wherein the at least one firing signal 1s or are at least one first
firing signal, the method further comprising: outputting,
from a delay circuit in the protection circuit, a delayed signal
that 1s delayed by a selected amount of time with respect to
a first firtng signal of the at least one first firing signal.

[0100] (25) The method of any one of (16) through (24),
wherein delivering the second amount of current to the at
least one electromagnetic coil comprises delivering a peak
current 1n a range from 1,000 amps to 200,000,000 amps for
a period of time less than 100 milliseconds.

[0101] (26) The method of any one of (16) through (25),

turther comprising: producing by the at least one electro-
magnetic coil, 1n response to delivering the second amount
of current, a magnetic field within a cavity having a peak
value 1n a range from 10 Tesla to 40 Tesla.
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[0102] (27) The method of (26), further comprising:
repeating the delivery of the second amount of current and
producing the magnetic field at least 1000 times without
replacing a component of the system.

[0103] (28) A protection circuit comprising: a multi-way
input circuit having a plurality of input circuits to receive 1n
parallel a plurality of input signals; a decision circuit
coupled to the plurality of mput circuits to output a control
signal 1n response to receipt, by any one of the plurality of
iput circuits, of a first input signal of the plurality of mput
signals that qualifies as a triggering signal; and a multi-way
output circuit coupled to the decision circuit to output a
plurality of firing signals simultaneously in response to
receiving the control signal from the decision circuit.
[0104] (29) The protection circuit of configuration (28),
wherein the multi-way mput circuit or the decision circuit 1s
configured to determine whether the first input signal quali-
fies as the triggering signal.

[0105] (30) The protection circuit of configuration (28) or
(29), wherein each mput circuit of the plurality of input
circuits comprises an optoisolator to receive an optical
signal as an input signal of the plurality of mput signals.
[0106] (31) The protection circuit of any one of configu-
rations (28) through (30), wherein the multi-way output
circuit comprises a plurality of electro-optic transducers and
the plurality of firing signals are optical signals.

[0107] (32) The protection circuit of any one of configu-
rations (28) through (31), wherein a response time of the
protection circuit, from receipt of the first input signal that
qualifies as the triggering signal to output of the plurality of
firing signals, 1s between 3 nanoseconds and 50 nanosec-
onds.

[0108] (33) The protection circuit of any one of configu-
rations (28) through (32), wherein the control signal 1s a first
control signal, the method further comprising a delay circuit
coupled to the decision circuit, wherein the delay circuit 1s
configured to output at least one second control signal that
1s delayed 1n time with respect to any one of the plurality of
firing signals.

[0109] (34) A method of assembling a protection circuit,
the method comprising: assembling a multi-way 1nput cir-
cuit having a plurality of input circuits to receive 1n parallel
a plurality of input signals; coupling a decision circuit to the
plurality of input circuits to output a first control signal in
response to receipt, by any one of the plurality of input
circuits, of a first input signal of the plurality of input signals
that qualifies as a triggering signal; coupling a multi-way
output circuit to the decision circuit; and configuring the
multi-way output circuit to output a plurality of second
control signals simultaneously in response to recerving the
first control signal from the decision circuit.

[0110] (35) The method of (34), wherein assembling the
multi-way put circuit comprises including an optoisolator
in each mput circuit of the plurality of mput circuits to
receive an optical signal as an input signal of the plurality of
input signals.

[0111] (36) The method of (34) or (35), wherein coupling
the multi-way output circuit comprises coupling a plurality
of electro-optic transducers 1n parallel to the decision circuit,
wherein the electro-optic transducers are each configured to
output an optical signal as a second control signal of the
plurality of second control signals.

[0112] (377) The method of any one of (34) through (35),
further comprising coupling a delay circuit to the decision
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circuit, wherein the delay circuit 1s configured to output at
least one third control signal that 1s delayed in time with
respect to any one of the plurality of second control signals.

[0113] (38) A system comprising: an electrical load to
receive current; a plurality of supply circuits coupled to the
clectrical load with a plurality of supply lines, wherein each
supply circuit of the plurality of supply circuits has at least
one input channel to receive a first input signal that causes
the supply circuit of the plurality of supply circuits to
provide a portion of the current to the electrical load; a
plurality of sensor circuits coupled to the plurality of supply
lines, wherein each sensor circuit of the plurality of sensor
circuits 1s configured to detect activation of an activated
supply circuit of the plurality of supply circuits coupled to
a supply line of the plurality of supply lines to which the
sensor circuit 1s coupled, wherein the activation comprises
mitiating delivery of the portion of the current to the
clectrical load; a controller coupled to at least one controlled
supply circuit of the plurality of supply circuits to provide
the first input signal to activate at least the controlled supply
circuit; and a protection circuit coupled to the plurality of
sensor circuits and to the plurality of supply circuits, the
protection circuit comprising: a multi-way input circuit to
receive at least one sensor signal from the plurality of sensor
circuits that indicates activation of the activated supply
circuit; and a multi-way output circuit coupled to the multi-
way 1nput circuit to output, 1n response to receipt of the at
least one sensor signal by the first multi-way input circuit, at
least one firing signal to at least one of the plurality of supply
circuits other than the activated supply circuit, wherein the
at least one firing signal causes delivery of the portion of the
current from the at least one supply circuit simultaneous
with delivery of the portion of the current from the activated
supply circuit.

[0114] (39) A system comprising: a plurality of electrical
loads to receive a plurality of currents; a plurality of supply
circuits coupled to the plurality of electrical loads with a
plurality of supply lines, wherein each supply circuit of the
plurality of supply circuits has at least one mput channel to
receive a first mnput signal that causes the supply circuit of
the plurality of supply circuits to provide a portion of the
plurality of currents to an electrical load of the plurality of
clectrical loads that 1s connected to the supply circuit of the
plurality of supply circuits; a plurality of sensor circuits
coupled to the plurality of supply lines, wherein each sensor
circuit of the plurality of sensor circuits 1s configured to
detect activation of an activated supply circuit of the plu-
rality of supply circuits that 1s coupled to a supply line of the
plurality of supply lines to which the sensor circuit i1s
coupled, wherein the activation comprises initiating delivery
ol the portion of the plurality of currents to an electrical load
of the plurality of electrical loads that 1s connected to the
activated supply circuit; a controller coupled to at least one
controlled supply circuit of the plurality of supply circuits to
provide the first input signal to activate at least the controlled
supply circuit; and a protection circuit coupled to the plu-
rality of sensor circuits and to the plurality of supply circuits,
the protection circuit comprising: a multi-way put circuit
to receive at least one sensor signal from the plurality of
sensor circuits that indicates activation of the activated
supply circuit; and a multi-way output circuit coupled to the
multi-way input circuit to output, 1n response to receipt of
the at least one sensor signal by the first multi-way input
circuit, at least one firing signal to at least one of the plurality
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of supply circuits other than the activated supply circuit,
wherein the at least one firing signal causes simultaneous
delivery of the portion of the plurality of currents from the
at least one supply circuit other than the activated supply
circuit with delivery of the portion of the plurality of
currents from the activated supply circuit.

[0115] (40) The system of configuration (38) or (39),
wherein each sensor circuit of the plurality of sensor circuits
includes a Rogowski coil that extends around at least part of
one supply line of the plurality of supply lines.

[0116] (41) The system of configuration (40), wherein
cach sensor circuit of the plurality of sensor circuits further
comprises an optical diode that recerves unamplified current
from the Rogowski coil to activate the optical diode and
output an optical pulse for the at least one sensor signal.
[0117] (42) The system of configuration (40) or (41),
wherein each sensor circuit further includes a current divider
connected to an output of the Rogowski coil, the current
divider comprising: the optical diode 1n series with a first
resistor 1n a first circuit branch of the current divider; and a
second resistor 1n a second circuit branch of the current
divider that 1s in parallel with the first circuit branch,
wherein a first resistance value of the first resistor and a
second resistance value of the second resistor are selected to
determine a threshold condition above which the optical
diode will output the optical pulse.

[0118] (43) The system of any one of configurations (40)
through (42), wherein each sensor circuit of the plurality of
firing sensor circuits further comprises at least one optical
fiber to receive the optical pulse from the optical diode and
to transmit the received optical pulse to one mput of the
multi-way 1nput circuit.

[0119] (44) The system of one of configurations (40)
through (43), wherein each mput of the multi-way 1nput
circuit comprises an opto-electronic transducer to convert a
received optical sensor signal from a sensor circuit of the
plurality of sensor circuits mto an electronic signal that
produces a pulse which 1s transmitted to the multi-way
output circuit.

[0120] (45) The system of one of configurations (40)
through (44), wherein the multi-way output circuit com-
prises a plurality of transducers to convert received electrical
signals into optical firing signals that are output from the
protection circuit as the at least one firing signal.

[0121] (46) The system of one of configurations (40)
through (45), wherein the protection circuit further com-
prises: a delay circuit coupled to the multi-way iput circuit
to output a delayed signal that 1s delayed with respect to a
second signal received from the multi-way iput circuit; and
an output circuit coupled to the delay circuit, to recerve the
delayed signal and output at least one optical signal that 1s
delayed with respect to the at least one firing signal.

[0122] (47) The system of configuration (45), wherein the
protection circuit further comprises a switch connected
between the multi-way mput circuit and the delay circuit, the
switch having a first control mnput to disconnect the multi-
way mput circuit from the multi-way output circuat.

[0123] (48) The system of one ol configurations (40)
through (47), wherein the electrical load or plurality of
clectrical loads 1s or are at least one electromagnetic coil to
produce a magnetic field in response to the current flowing
in the at least one electromagnetic coil.

[0124] (49) The system of one of configurations (38) or
(40) through (47), wherein the electrical load 1s a first
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clectrical load, the current 1s a first current, the plurality of
supply circuits 1s a first plurality of supply circuits, the
plurality of supply lines 1s a first plurality of supply lines, the
plurality of sensor circuits 1s a first plurality of sensor
circuits, the at least one mput channel 1s at least one first
input channel, the sensor circuit 1s a first sensor circuit, the
at least one sensor signal 1s or are at least one first sensor
signal, the activated supply circuit 1s a first activated supply
circuit, the protection circuit 1s a first protection circuit, the
at least one firing signal 1s or are at least one first firing
signal, the multi-way input circuit 1s a first multi-way 1nput
circuit, and the multi-way output circuit 1s a first multi-way
output circuit, the system further comprising: a second
clectrical load to receive a second current; a second plurality
of supply circuits coupled to the second electrical load with
a second plurality of supply lines, wherein each supply
circuit of the second plurality of supply circuits has at least
one second mmput channel to receive a second input signal
that causes the supply circuit of the second plurality of
supply circuits to provide a portion of the second current to
the second electrical load; a second plurality of sensor
circuits coupled to the second plurality of supply lines,
wherein each sensor circuit of the second plurality of sensor
circuits 1s configured to detect activation of a second acti-
vated supply circuit of the second plurality of supply circuits
that 1s coupled to a supply line of the second plurality of
supply lines to which the sensor circuit of the second
plurality of sensor circuits 1s coupled and wherein the
activation comprises initiating delivery of the portion of the
second current to the second electromagnetic coil; and a
second protection circuit coupled to the second plurality of
sensor circuits and to the second plurality of supply circuits,
the second protection circuit comprising: a second multi-
way 1nput circuit to receive at least one second sensor signal
from the second plurality of sensor circuits that indicates
activation of the second activated supply circuit; and a
second multi-way output circuit coupled to the second
multi-way iput circuit to output, in response to receipt of
the second sensor signal by the second multi-way input
circuit, at least two second firing signals simultaneously to
at least one second supply circuit of the second plurality of
supply circuits other than the second activated supply circuit
and to the first protection circuit, wherein at least one of the
at least two second firing signals causes simultaneous deliv-
ery of the portion of the second current from the at least one
second supply circuit with delivery of the portion of the
second current from the second activated supply circuit.

CONCLUSION

[0125] While various inventive embodiments have been
described and 1illustrated herein, those of ordinary skill 1n the
art will readily envision a variety ol other means and/or
structures for performing the function and/or obtaining the
results and/or one or more of the advantages described
herein, and each of such varnations and/or modifications 1s
deemed to be within the scope of the inventive embodiments
described herein. More generally, those skilled 1n the art will
readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exem-
plary and that the actual parameters, dimensions, materials,
and/or configurations will depend upon the specific appli-
cation or applications for which the inventive teachings
1s/are used. Those skilled in the art will recognize or be able
to ascertain, using no more than routine experimentation,
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many equivalents to the specific mventive embodiments
described herein. It 1s, theretfore, to be understood that the
foregoing embodiments are presented by way of example
only and that, within the scope of the appended claims and
equivalents thereto, mventive embodiments may be prac-
ticed otherwise than as specifically described and claimed.
Inventive embodiments of the present disclosure are directed
to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combina-
tion of two or more such features, systems, articles, mate-
rials, kits, and/or methods, 11 such features, systems, articles,
matenals, kits, and/or methods are not mutually inconsis-
tent, 1s included within the mventive scope of the present
disclosure.

[0126] Also, various inventive concepts may be embodied
as one or more methods, of which an example has been
provided. The acts performed as part of the method may be
ordered 1n any suitable way. Accordingly, embodiments may
be constructed 1n which acts are performed in an order
different than 1illustrated, which may include performing
some acts simultaneously, even though shown as sequential
acts 1n 1illustrative embodiments.

[0127] All definitions, as defined and used herein, should
be understood to control over dictionary definitions, defini-
tions 1n documents incorporated by reference, and/or ordi-
nary meanings of the defined terms.

[0128] The indefinite articles “a” and *“‘an,” as used herein
in the specification and 1n the claims, unless clearly indi-
cated to the contrary, should be understood to mean “at least

22

one

[0129] The phrase “and/or,” as used herein 1n the speci-
fication and i1n the claims, should be understood to mean
“either or both” of the components so conjoined, 1.e.,
components that are conjunctively present 1n some cases and
disjunctively present 1n other cases. Multiple components
listed with “and/or” should be construed in the same fashion,
1.€., “one or more” of the components so conjoined. Other
components may optionally be present other than the com-
ponents specifically identified by the “and/or” clause,
whether related or unrelated to those components specifi-
cally identified. Thus, as a non-limiting example, a reference
to “A and/or B, when used 1n conjunction with open-ended
language such as “comprising” can refer, 1n one embodi-
ment, to A only (optionally including components other than
B); 1n another embodiment, to B only (optionally including
components other than A); 1n yet another embodiment, to
both A and B (optionally including other components); etc.

[0130] As used herein in the specification and in the
claims, “or” should be understood to have the same meaning
as “and/or” as defined above. For example, when separating
items 1n a list, “or” or “and/or” shall be interpreted as being
inclusive, 1.e., the inclusion of at least one, but also including
more than one, of a number or list of components, and,
optionally, additional unlisted items. Only terms clearly
indicated to the contrary, such as “only one of”” or “exactly
one ol,” or, when used in the claims, “consisting of,” will
refer to the mclusion of exactly one component of a number
or list of components. In general, the term “or” as used
herein shall only be terpreted as indicating exclusive
alternatives (1.e. “one or the other but not both”) when
preceded by terms of exclusivity, such as “either,” “one of,”
“only one of,” or “exactly one of.” “Consisting essentially
ol,” when used 1n the claims, shall have 1ts ordinary meaning
as used 1n the field of patent law.
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[0131] As used herein in the specification and in the
claims, the phrase “at least one,” 1n reference to a list of one
or more components, should be understood to mean at least
one component selected from any one or more of the
components in the list of components, but not necessarily
including at least one of each and every component specifi-
cally listed within the list of components and not excluding
any combinations of components 1n the list of components.
[0132] This definition also allows that components may
optionally be present other than the components specifically
identified within the list of components to which the phrase
“at least one” refers, whether related or unrelated to those
components specifically 1dentified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently “at least one of A and/or B”)
can refer, 1n one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including components other than B); 1n another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including components
other than A); 1n yet another embodiment, to at least one,
optionally including more than one, A, and at least one,
optionally including more than one, B (and optionally
including other components); etc.

[0133] In the claims, as well as 1n the specification above,
all transitional phrases such as “comprising,” “including,”
“carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be
open-ended, 1.e., to mean including but not limited to. Only
the transitional phrases “consisting of” and “consisting
essentially of” shall be closed or semi-closed transitional
phrases, respectively, as set forth 1n the United States Patent
Oflice Manual of Patent Examining Procedures, Section

2111.03.

1. A system comprising;:

an electromagnetic coil to produce a magnetic field in
response to current flowing 1n the electromagnetic coil;

a plurality of supply circuits coupled to the electromag-
netic coil with a plurality of supply lines, each supply
circuit of the plurality of supply circuits having two
input channels such that each supply circuit of the
plurality of supply circuits 1s controllable, by a first
input signal on a first input channel of the two input
channels or a second mnput signal on a second input
channel of the two input channels, to output at least a
portion of the current to the electromagnetic coil for
producing the magnetic field;

a plurality of sensor circuits coupled to the plurality of

supply lines, wherein each sensor circuit of the plural-
ity of sensor circuits 1s configured to detect activation
of a supply circuit of the plurality of supply circuits that
1s coupled to a supply line of the plurality of supply
lines to which the sensor circuit 1s coupled, and wherein
the activation comprises 1mtiating delivery of the por-
tion of the current from the supply circuit to the
clectromagnetic coil through the supply line to which
the sensor circuit 1s coupled;

a controller coupled to at least one controlled supply
circuit of the plurality of supply circuits to provide the
first input signal to activate at least the one controlled
supply circuit; and

a protection circuit coupled to the plurality of sensor
circuits and to the plurality of supply circuits, the
protection circuit comprising:
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a multi-way input circuit to receive at least one sensor
signal from the plurality of sensor circuits that indi-
cates activation of the activated supply circuit; and
a multi-way output circuit coupled to the multi-way

input circuit to output, in response to receipt of the
sensor signal by the first multi-way mput circuit,
at least one firing signal to at least one supply
circuit of the plurality of supply circuits other than
the activated supply circuit, wherein each firing
signal of the at least one firing signal 1s delivered
as the second input signal to the at least one supply
circuit and causes delivery of the portion of the
current from the at least one supply circuit simul-
taneous with delivery of the portion of the current
from the activated supply circuat.

2. A system comprising:

a plurality of electromagnetic coils to produce a magnetic
field 1 response to a plurality of currents flowing 1n the
plurality of electromagnetic coils;

a plurality of supply circuits coupled to the plurality of
clectromagnetic coils with a plurality of supply lines,
cach supply circuit of the plurality of supply circuits
having two mnput channels such that each supply circuit
of the plurality of supply circuits i1s controllable, by a
first input signal on a first input channel of the two 1mnput
channels or a second input signal on a second input
channel of the two input channels, to provide a portion
of the plurality of currents to an electromagnetic coil of
the plurality of electromagnetic coils that 1s connected
to the supply circuit of the plurality of supply circuits;

a plurality of sensor circuits coupled to the plurality of
supply lines, wherein each sensor circuit of the plural-
ity of sensor circuits 1s configured to detect activation
of an activated supply circuit of the plurality of supply
circuits, wherein the activation comprises initiating
delivery of the portion of the plurality of currents from
the activated supply circuit to an electromagnetic coil
of the plurality of electromagnetic coils that 1s con-
nected to the activated supply circuit;

a controller coupled to at least one controlled supply
circuit of the plurality of supply circuits to provide the
first mnput signal to activate at least the one controlled
supply circuit; and

a protection circuit coupled to the plurality of sensor
circuits and to the plurality of supply circuits, the
protection circuit comprising;

a multi-way 1nput circuit to receive at least one sensor
signal from the plurality of sensor circuits that indi-
cates activation of the activated supply circuit; and

a multi-way output circuit coupled to the multi-way
input circuit to output, in response to receipt of the
sensor signal by the multi-way input circuit, at
least one firing signal to at least one supply circuit
of the plurality of supply circuits, wherein the at
least one firing signal 1s delivered as the second
input signal to the at least one supply circuit and
causes delivery of the portion of the plurality of
currents from the at least one supply circuit simul-
taneous with delivery of the portion of the plural-
ity of currents from the activated supply circuit.

3. The system of claim 1 or 2, wherein each sensor circuit
of the plurality of sensor circuits includes a Rogowski coil
that extends around at least part of one supply line of the
plurality of supply lines.
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4. The system of claim 3, wherein each sensor circuit of
the plurality of sensor circuits further comprises an optical
diode that receives unamplified current from the Rogowski
coil to activate the optical diode and output an optical pulse
for the at least one sensor signal.

5. The system of claim 4, wherein each sensor circuit
turther includes a current divider connected to an output of
the Rogowski coil, the current divider comprising:

the optical diode 1n series with a first resistor 1n a first
circuit branch of the current divider; and

a second resistor 1n a second circuit branch of the current
divider that 1s 1n parallel with the first circuit branch,
wherein a first resistance value of the first resistor and
a second resistance value of the second resistor are
selected to determine a threshold condition above

which the optical diode will output the optical pulse.

6. The system of claim 4, wherein each sensor circuit of
the plurality of sensor circuits further comprises at least one
optical fiber to receive the optical pulse from the optical
diode and to transmit the recerved optical pulse to one 1input
of the multi-way input circuit.

7. The system of claim 1 or 2, wherein each mnput of the
multi-way input circuit comprises an opto-electronic trans-
ducer to convert a received optical sensor signal from a
sensor circuit of the plurality of sensor circuits into an
clectronic signal that produces a pulse which 1s transmaitted
to the multi-way output circuit.

8. The system of claam 1 or 2, wherein the multi-way
output circuit comprises a plurality of transducers to convert
received electrical signals into optical firing signals that are
output from the protection circuit as the at least one firing
signal.

9. The system of claim 1 or 2, wherein the protection
circuit further comprises:

a delay circuit coupled to the multi-way 1put circuit to
output a first signal that 1s delayed with respect to a
second signal recerved from the multi-way input cir-
cuit; and

an output circuit coupled to the delay circuit, to receive
the first signal and output at least one optical signal that
1s delayed with respect to the at least one firing signal.

10. The system of claim 9, wherein the protection circuit
turther comprises:

a switch connected between the multi-way mput circuit
and the delay circuit, the switch having a first control
input to disconnect the multi-way input circuit from the
multi-way output circuit.

11. The system of claim 1, wherein the electromagnetic
coil, the plurality of supply circuits, the plurality of sensor
circuits, and the protection circuit belong to a first group of
magnetic field-producing components and the system fur-
ther comprises:

two or more second groups ol magnetic field-producing
components arranged to participate in producing the
magnetic field with the first group of magnetic field-
producing components, wherein each second group of
magnetic field-producing components includes an elec-
tromagnetic coil, a plurality of supply circuits, a plu-
rality of sensor circuits, and a protection circuit; and

a master protection circuit connected to the protection
circuit in the first group of magnetic field-producing
components and each protection circuit 1n the two or
more second groups of magnetic field-producing com-
ponents.
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12. The system of claim 1, wherein the electromagnetic
coil 1s a first electromagnetic coil, the magnetic field 1s a first
magnetic field, the current 1s a first current, the plurality of
supply circuits 1s a first plurality of supply circuits, the
plurality of supply lines 1s a first plurality of supply lines, the
plurality of sensor circuits 1s a first plurality of sensor
circuits, the activated supply circuit 1s a first activated supply
circuit, the sensor circuit 1s a first sensor circuit, the at least
one sensor signal 1s or are at least one {irst sensor signal, the
protection circuit 1s a first protection circuit, the multi-way
input circuit 1s a first multi-way mput circuit, the multi-way
output circuit 1s a first multi-way output circuit, and the at
least one firing signal 1s or are at least one first firing signal
the system further comprising:

a second electromagnetic coil to produce a second mag-
netic field i response to a second current tlowing in the
second electromagnetic coil;

a second plurality of supply circuits coupled to the second
clectromagnetic coil with a second plurality of supply
lines, each supply circuit of the second plurality of
supply circuits having two input channels such that
cach supply circuit 1s controllable by a third nput
signal on a first input channel of the two iput channels
or a fourth 1input signal on a second input channel of the
two input channels to provide a portion of the second
current to the second electromagnetic coil for produc-
ing the second magnetic field;

a second plurality of sensor circuits coupled to the second
plurality of supply lines, wherein each second sensor
circuit of the second plurality of sensor circuits 1s
configured to detect activation of a second activated
supply circuit of the second plurality of supply circuits
that 1s coupled to a supply line of the second plurality
of supply lines to which the second sensor circuit of the
second plurality of sensor circuits 1s coupled and
wherein the activation comprises mitiating delivery of
the portion of the second current from the second
activated supply circuit to the second electromagnetic
coil; and

a second protection circuit coupled to the second plurality
of sensor circuits and to the second plurality of supply
circuits, the protection circuit comprising:

a second multi-way mput circuit to recerve at least one
second sensor signal from the second plurality of
sensor circuits that indicates activation of the second
activated supply circuit; and

a second multi-way output circuit coupled to the
second multi-way 1put circuit to output, 1n
response to receipt of the second sensor signal by
the second multi-way input circuit, at least two
second firing signals stmultaneously to at least one
second supply circuit of the second plurality of
supply circuits other than the second activated
supply circuit and to the first protection circuit,
wherein at least one of the second firing signals
causes delivery of the portion of the second cur-
rent from the at least one second supply circuit
simultaneous with delivery of the portion of the
second current from the second activated supply
circuit.

13. The system of claim 1, wherein the electromagnetic

coil carries a peak current in a range from 1,000 amps to
200,000,000 amps for a period of time less than 100 mualli-
seconds.
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14. The system of claim 13, wherein the electromagnetic
coil produces or participates 1n producing with one or more
additional electromagnetic coils in the system a peak mag-
netic field having a value 1n a range from 10 Tesla to 40 Tesla
when carrying the peak current.

15. The system of claim 14, wherein the plurality of
supply circuits activate repeatedly at least 1,000 times
during operation of the system without replacing a compo-
nent of the system.

16. A method for applying a plurality of currents to at least
one electromagnetic coil 1n a system to produce a magnetic
field, the method comprising:

monitoring, with a protection circuit, for a sensor signal
from a plurality of sensor circuits that are coupled to a
plurality of supply lines that couple a plurality of
supply circuits to the at least one electromagnetic coil,
wherein the sensor signal indicates activation of a
supply circuit of the plurality of supply circuits to
deliver a first amount of current from the activated
supply circuit to an electromagnetic coil of the at least

one electromagnetic coil for producing the magnetic
field;

receiving, at the protection circuit, the sensor signal from
one sensor circuit of the plurality of sensor circuits; and

outputting, from the protection circuit to at least one
supply circuit of the plurality of supply circuits other
than the activated supply circuit, at least one firing
signal in response to receipt of the sensor signal that
cause or causes the at least one supply circuit of the
plurality of supply circuits to deliver a second amount
of current to the electromagnetic coil simultaneous with
delivery of the first amount of current by the activated
supply circuit.
17. The method of claim 16, further comprising producing
the magnetic field 1n response to delivering the second
amount of current.

18. The method of claim 16, further comprising:

issuing a command with a controller that causes the
activated supply circuit of the plurality of supply cir-
cuits to 1itiate delivery of the first amount of current to
the at least one electromagnetic coil.

19. The method of claim 16, further comprising;

sensing, by each sensor circuit of the plurality of sensor
circuits, flow of current in each supply line of the
plurality of supply lines with a Rogowski coil.

20. The method of claim 19, further comprising:

driving an optical diode directly with an output from the
Rogowski coil to produce an optical pulse; and

transmitting the optical pulse as the sensor signal to the
protection circuit with an optical fiber.

21. The method of claim 20, further comprising dividing,
with a current divider, current from the Rogowski coil into
a first circuit branch and a second circuit branch that is
connected 1n parallel with the first circuit branch, wherein:

the first circuit branch includes a first resistor connected
in series with the optical diode;

the second circuit branch includes a second resistor; and

a first resistance value of the first resistor and a second
resistance value of the second resistor determine a
threshold condition above which the optical diode will
produce the optical pulse.
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22. The method of claim 16, further comprising;
converting, with an input circuit of the protection circuit,
an optical signal received as the sensor signal from the
one sensor circuit to an electrical signal; and
converting, by the protection circuit, the electrical signal
to the at least one firning signal, wherein the at least one
firing signal 1s an optical signal or are optical signals.

23. The method of claim 22, wherein the amount of time
to convert the received optical signal to the electrical signal
and to convert the electrical signal to the at least one firing
signal 1s no greater than 50 nanoseconds.

24. The method of claim 16, wherein the at least one firing,
signal 1s or are at least one first firing signal, the method
further comprising:

outputting, from a delay circuit 1n the protection circuit, a

delayed signal that 1s delayed by a selected amount of
time with respect to a first firing signal of the at least
one {irst firing signal.

25. The method of claam 16, wherein delivering the
second amount of current to the at least one electromagnetic
coill comprises delivering a peak current in a range from
1,000 amps to 200,000,000 amps for a period of time less
than 100 milliseconds.

26. The method of claim 16, further comprising:

producing by the at least one electromagnetic coil, 1n

response to delivering the second amount of current, a
magnetic field within a cavity having a peak value 1n a
range from 10 Tesla to 40 Tesla.

277. The method of claim 26, further comprising;

repeating the delivery of the second amount of current and

producing the magnetic field at least 1000 times with-
out replacing a component of the system.

28. A protection circuit comprising:

a multi-way mput circuit having a plurality of input

circuits to recerve in parallel a plurality of input signals;
a decision circuit coupled to the plurality of input circuits
to output a control signal 1n response to receipt, by any
one of the plurality of mput circuits, of a first input
signal of the plurality of iput signals that qualifies as
a triggering signal; and

a multi-way output circuit coupled to the decision circuit
to output a plurality of firing signals simultaneously 1n
response to receiving the control signal from the deci-
s10n circuit.

29. The protection circuit of claim 28, wherein the multi-
way 1put circuit or the decision circuit 1s configured to
determine whether the first input signal qualifies as the
triggering signal.

30. The protection circuit of claim 28, wherein each 1nput
circuit of the plurality of input circuits comprises an optoiso-
lator to receive an optical signal as an input signal of the
plurality of mnput signals.

31. The protection circuit of claim 28, wherein the multi-
way output circuit comprises a plurality of electro-optic
transducers and the plurality of firing signals are optical
signals.

32. The protection circuit of claim 28, wherein a response
time of the protection circuit, from receipt of the first input
signal that qualifies as the triggering signal to output of the
plurality of firing signals, 1s between 3 nanoseconds and 50
nanoseconds.

33. The protection circuit of claim 28, wherein the control
signal 1s a first control signal, the method further comprising
a delay circuit coupled to the decision circuit, wherein the
delay circuit 1s configured to output at least one second
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control signal that 1s delayed in time with respect to any one
of the plurality of firing signals.

34. A method of assembling a protection circuit, the
method comprising:

assembling a multi-way input circuit having a plurality of
input circuits to recerve 1in parallel a plurality of input
signals;

coupling a decision circuit to the plurality of input circuits
to output a first control signal in response to receipt, by
any one of the plurality of input circuits, of a first input
signal of the plurality of mput signals that qualifies as
a triggering signal;

coupling a multi-way output circuit to the decision circuit;
and

configuring the multi-way output circuit to output a
plurality of second control signals simultaneously in
response to recerving the first control signal from the
decision circuit.

35. The method of claim 34, wherein assembling the
multi-way nput circuit comprises including an optoisolator
in each input circuit of the plurality of mput circuits to
receive an optical signal as an input signal of the plurality of
input signals.

36. The method of claim 34, wherein coupling the multi-
way output circuit comprises coupling a plurality of electro-
optic transducers 1n parallel to the decision circuit, wherein
the electro-optic transducers are each configured to output
an optical signal as a second control signal of the plurality
of second control signals.

37. The method of claim 34, further comprising coupling,
a delay circuit to the decision circuit, wherein the delay
circuit 1s configured to output at least one third control signal
that 1s delayed 1n time with respect to any one of the plurality
of second control signals.

38. A system comprising:

an electrical load to receive current;

a plurality of supply circuits coupled to the electrical load
with a plurality of supply lines, wherein each supply
circuit of the plurality of supply circuits has at least one
input channel to receive a first input signal that causes
the supply circuit of the plurality of supply circuits to
provide a portion of the current to the electrical load;

a plurality of sensor circuits coupled to the plurality of
supply lines, wherein each sensor circuit of the plural-
ity of sensor circuits 1s configured to detect activation
of an activated supply circuit of the plurality of supply
circuits coupled to a supply line of the plurality of
supply lines to which the sensor circuit 1s coupled,
wherein the activation comprises initiating delivery of
the portion of the current to the electrical load;

a controller coupled to at least one controlled supply
circuit of the plurality of supply circuits to provide the
first 1nput signal to activate at least the controlled
supply circuit; and

a protection circuit coupled to the plurality of sensor
circuits and to the plurality of supply circuits, the
protection circuit comprising;:

a multi-way input circuit to receive at least one sensor
signal from the plurality of sensor circuits that indi-
cates activation of the activated supply circuit; and
a multi-way output circuit coupled to the multi-way

input circuit to output, in response to receipt of the
at least one sensor signal by the first multi-way
input circuit, at least one firing signal to at least
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one of the plurality of supply circuits other than
the activated supply circuit, wherein the at least
one firing signal causes delivery of the portion of
the current from the at least one supply circuit
simultaneous with delivery of the portion of the
current from the activated supply circuit.

39. A system comprising:

a plurality of electrical loads to receive a plurality of
currents;

a plurality of supply circuits coupled to the plurality of
clectrical loads with a plurality of supply lines, wherein
cach supply circuit of the plurality of supply circuits
has at least one mput channel to receive a first input
signal that causes the supply circuit of the plurality of
supply circuits to provide a portion of the plurality of
currents to an electrical load of the plurality of electr-
cal loads that 1s connected to the supply circuit of the
plurality of supply circuits;

a plurality of sensor circuits coupled to the plurality of
supply lines, wherein each sensor circuit of the plural-
ity of sensor circuits 1s configured to detect activation
of an activated supply circuit of the plurality of supply
circuits that 1s coupled to a supply line of the plurality
of supply lines to which the sensor circuit 1s coupled,
wherein the activation comprises mitiating delivery of
the portion of the plurality of currents to an electrical
load of the plurality of electrical loads that 1s connected
to the activated supply circuit;

a controller coupled to at least one controlled supply
circuit of the plurality of supply circuits to provide the
first mput signal to activate at least the controlled
supply circuit; and

a protection circuit coupled to the plurality of sensor
circuits and to the plurality of supply circuits, the
protection circuit comprising;

a multi-way input circuit to receive at least one sensor
signal from the plurality of sensor circuits that indi-
cates activation of the activated supply circuit; and
a multi-way output circuit coupled to the multi-way

input circuit to output, in response to receipt of the
at least one sensor signal by the first multi-way
input circuit, at least one firing signal to at least
one of the plurality of supply circuits other than
the activated supply circuit, wherein the at least
one firing signal causes simultaneous delivery of
the portion of the plurality of currents from the at
least one supply circuit other than the activated
supply circuit with delivery of the portion of the
plurality of currents from the activated supply
circuit.

40. The system of claim 38 or 39, wherein each sensor
circuit of the plurality of sensor circuits includes a Rogowski
coil that extends around at least part of one supply line of the
plurality of supply lines.

41. The system of claim 40, wherein each sensor circuit
of the plurality of sensor circuits further comprises an
optical diode that receives unamplified current from the
Rogowski coil to activate the optical diode and output an
optical pulse for the at least one sensor signal.

42. The system of claim 40, wherein each sensor circuit
further mcludes a current divider connected to an output of
the Rogowski coil, the current divider comprising:

the optical diode 1n series with a first resistor i a first
circuit branch of the current divider; and
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a second resistor 1n a second circuit branch of the current
divider that 1s 1n parallel with the first circuit branch,
wherein a first resistance value of the first resistor and
a second resistance value of the second resistor are
selected to determine a threshold condition above
which the optical diode will output the optical pulse.

43. The system of claim 40, wherein each sensor circuit
of the plurality of firing sensor circuits further comprises at
least one optical fiber to receive the optical pulse from the
optical diode and to transmit the received optical pulse to
one mput of the multi-way mput circuit.

44. The system of claim 38 or 39, wherein each input of
the multi-way 1nput circuit comprises an opto-electronic
transducer to convert a received optical sensor signal from
a sensor circuit of the plurality of sensor circuits into an
clectronic signal that produces a pulse which 1s transmaitted
to the multi-way output circuit.

45. The system of claim 38 or 39, wherein the multi-way
output circuit comprises a plurality of transducers to convert
received electrical signals 1nto optical firing signals that are
output from the protection circuit as the at least one firing
signal.

46. The system of claim 38 or 39, wherein the protection
circuit further comprises:

a delay circuit coupled to the multi-way 1put circuit to

output a delayed signal that 1s delayed with respect to
a second signal recerved from the multi-way 1nput
circuit; and

an output circuit coupled to the delay circuit, to receive
the delayed signal and output at least one optical signal
that 1s delayed with respect to the at least one firing
signal.

47. The system of claim 45, wherein the protection circuit

turther comprises:

a switch connected between the multi-way mput circuit
and the delay circuit, the switch having a first control
input to disconnect the multi-way input circuit from the
multi-way output circuit.

48. The system of claim 38, wherein the electrical load 1s
an eclectromagnetic coil to produce a magnetic field 1n
response to the current flowing 1n the electromagnetic coil.

49. The system of claim 38, wherein the electrical load 1s
a first electrical load, the current 1s a first current, the
plurality of supply circuits 1s a first plurality of supply
circuits, the plurality of supply lines i1s a first plurality of
supply lines, the plurality of sensor circuits 1s a first plurality
of sensor circuits, the at least one mnput channel 1s at least
one {irst mput channel, the sensor circuit 1s a {irst sensor
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circuit, the at least one sensor signal 1s or are at least one {irst
sensor signal, the activated supply circuit 1s a first activated
supply circuit, the protection circuit 1s a first protection
circuit, the at least one firing signal 1s or are at least one {first
firing signal, the multi-way input circuit 1s a first multi-way
input circuit, and the multi-way output circuit 1s a first
multi-way output circuit, the system further comprising:

a second electrical load to receive a second current;

a second plurality of supply circuits coupled to the second
clectrical load with a second plurality of supply lines,
wherein each supply circuit of the second plurality of
supply circuits has at least one second 1nput channel to
receive a second mput signal that causes the supply
circuit of the second plurality of supply circuits to
provide a portion of the second current to the second
electrical load;

a second plurality of sensor circuits coupled to the second
plurality of supply lines, wherein each sensor circuit of
the second plurality of sensor circuits 1s configured to
detect activation of a second activated supply circuit of
the second plurality of supply circuits that 1s coupled to
a supply line of the second plurality of supply lines to
which the sensor circuit of the second plurality of
sensor circuits 1s coupled and wherein the activation
comprises 1nitiating delivery of the portion of the
second current to the second electromagnetic coil; and

a second protection circuit coupled to the second plurality
of sensor circuits and to the second plurality of supply
circuits, the second protection circuit comprising:

a second multi-way input circuit to receive at least one
second sensor signal from the second plurality of
sensor circuits that indicates activation of the second
activated supply circuit; and
a second multi-way output circuit coupled to the

second multi-way 1nput circuit to output, 1n
response to receipt of the second sensor signal by
the second multi-way input circuit, at least two
second firing signals simultaneously to at least one
second supply circuit of the second plurality of
supply circuits other than the second activated
supply circuit and to the first protection circuit,
wherein at least one of the at least two second
firing signals causes simultaneous delivery of the
portion of the second current from the at least one
second supply circuit with delivery of the portion
of the second current from the second activated
supply circuat.
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