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(57) Abstract: High voltage high current
regulator circuit for regulating current is
interposed between first and second ter-
minals connected to an external circuit
and comprises at least one main-current
carrying cold-cathode field emission
electron tube conducting current between
the first and second terminals. First and
second grid-control cold-cathode field
emission electron tubes provide control
signals for first and second grids of the at
least one main-current carrying cold-
cathode field emission electron tube for
: : positive and negative excursions of volt-
y : age on the first and second terminals, re-
: spectively. The current regulator circuit
may be accompanied by a voltage-clamp-
ing circuit that includes at least one cold-
cathode field emission electron tube. At
least two cold- cathode field emission
electron tubes, configured to operate at
high voltage and high current, are prefer-
ably contained within a single vacuum
enclosure and are interconnected to pro-
vide a circuit function, so as to form a
high voltage high current vacuum inte-
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High Voltage High Current Regulator Circuit

FIELD OF THE INVENTION

[00001] The present invention relates to a high voltage, high current regulator circuit,
with one aspect relating to controlling high current in a circuit, another aspect relating to
clamping a high voltage in a circuit, and yet another aspect relating to a vacuum
integrated circuit.

CROSS-REFERENCE TO RELATED APPLICATIONS

[00002] This application is related to two prior applications by the current inventor, US
Application No. 12/359,198, filed 23 January 2009, entitied High Voltage Inverter; and
US Application No. 12/554,818, filed 4 September 2009, entitted Method and
Apparatus For Protecting Power Systems From Extraordinary Electromagnetic Pulses.

BACKGROUND OF THE INVENTION

[00003] There is a need for reliable and efficient current regulators, as well as voltage-
clamping circuits, for high voltage high power circuits. There are numerous
applications for such technology, ranging from critical control functions in the electrical
power grid to medical diagnostic and therapeutic systems and military weapons. An
“electrical power grid” as used herein means an electrical power and distribution grid
for powering private residences, industry and govemment users.

Current Regulation of Electrical Power Grids

[00004] With regard to large-scale electrical power grids operating at high voltage and
high current, one of the most significant problems is that of limiting fault current. There
is a compelling need to modernize the electrical power grid of the USA and other
countries, with a growing need for effective fault current regulators on the electrical
power grid. A typical current practice is for electrical transmission systems to be sized
at a substantial multiple of the actual load capacity in order to withstand transient fault
current conditions which would otherwise destabilize the grid. This creates a cost
overhead factor that can be on the order of 75 % above what would be needed if the
grid was designed only for the actual load capacity. Thus, reduction of fault current
transients could dramatically increase the effective capacity of the grid. In addition,
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there are other current-regulation applications in electrical power grid operation that
could benefit from an effective fault current regulator, such as power flow regulation.

[00005] Prior art current fault limiters are typically based on technologies such as
insertion of resistance or inductance, which may be conventional or superconducting
inductance coils, or the use of solid state devices, such as metal oxide varistors. None
of these techniques is capable of meeting the needs of the electric power industry.
Currently, the most robust systems under development offer fault current limiting of
approximately 50 % of maximum rated current, while the electric power industry needs
limiting of 80 % or more of maximum rated current. Further, prior art technologies are
limited in voltage- and current-handling capacity due to the intrinsic nature of their
design.

[00006] Purely resistive current limiting is the oldest and the least efficient method of
limiting current. It involves inserting into a current-carrying conductor a series
resistance whose value has been calculated to only allow a certain maximum amount
of current to flow. Excess current is converted directly to heat, so that efficiency is very
low. Resistive current limiting is rarely used in power circuitry since the efficiency is
frequently only on the order of 50 %.

[00007] Conventional inductive current limiting is somewhat better than resistive
current limiting and is, in fact, widely used in the electric power industry. A
disadvantage of inductive current limiting is that current is shifted out of phase with the
voltage, resulting in a poor power factor. In more expensive inductive current limiting
reactors, a capacitor is often paired with an inductor to correct the power factor. This
becomes problematic on high power systems, since the power handling and voltage-
withstand ratings of inductors and capacitors are limited. It is principally this limitation
that has driven the present development efforts in the power industry for more reliable
and effective current limiting techniques.

[00008] The use of superconducting technology has been proposed and prototypes
have been built for fault currant limiting in electrical power grids. However, the
reliability of superconducting technology is hampered by the need for complex
cryogenic refrigeration systems to maintain the superconducting elements at or below
their critical temperature. Should the cryogenic systems fail, the superconducting
devices lose superconductivity and go “normal” so as to become resistances in the

2



WO 2012/048046 PCT/US2011/054986

power lines. Aside from an unreliable system design due to complex mechanical
components, the cost of limiters based on this technology is high, and they presently
are limited to about 138 KV maximum. To make the grid robust, limiters are needed
that can operate at about 500 KV and above. At low voltages, typically between 4 KV
and 35 KV, both size and cost precludes the use of superconductive current regulators

[00009] In the case of solid state techniques for current limiting, the same drawbacks
that characterize other solid state power electronics systems apply. There is no single
solid state device that can handle either the necessary voltage or current, thus forcing
designers to connect multiple devices in both series and parallel to increase voltage
and current handling capacities, respectively. However, placing devices in series and
parallel requires “balancing networks" to ensure that the voltage and current are evenly
distributed across an array of devices. This adds to the complexity and cost of a
system and reduces its reliability. Solid state devices are also subject to single-arc
failures. A single-arc failure is caused when an individual device suffers an electrical
breakdown and an arc occurs within the crystal of the semiconductor itself. This
damages the crystal, frequently leaves a carbon track, and causes the semiconductor

device to stop working.

[000010] The foregoing discussion demonstrates several reasons why the existing
technologies are not satisfactory for use in current regulation (e.g., current limiting) in
high power electric power grids. Accordingly, there is a need for a reliable and
effective fault current regulator that can be used in electrical power grids or other
circuits.

Voltage Regulation of Electrical Power Grids

[000011] An additional concern regarding electrical power grids are transient
voltages, which can be destructive to electrical components in the grid. Transient
voltages may arise from various causes, and virtually always arise in the present of a

substantial fault current.

[000012] Thus, a need exists for robust voltage regulator, e.g., a voltage-clamping
circuit that can operate at high voltage and high current in an electrical power grid or
other circuit.
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SUMMARY

[000012A] It is the object of the present invention to substantially overcome or at least
ameliorate one or more of the above disadvantages.

[000013] In an aspect of the present disclosure, a high voltage high current regulator
circuit for being interposed between first and second terminals that are connected to an
external circuit comprises a bidirectional current-regulating circuit connected between the
first and second terminals for receiving and regulating current between the first and
second terminals. The current-regulating circuit comprises at least one main-current
carrying cold-cathode field emission electron tube that conducts current between the first
and second terminals. The at least one main-current carrying cold-cathode field emission
electron tube has first and second control grids for controlling current conduction between
the first and second terminals when the voltage on the first and second terminals is
positive and negative, respectively. First and second grid-control cold-cathode field
emission electron tubes respectively provide control signals for the first and second grids.
[000014])  Beneficially, the foregoing current regulator provides a reliable and effective
fault current regulator that can be used in electrical power grids, as well as providing
other functions such as described below.

[000015]  In accordance with another aspect of the present disclosure, a voltage-
clamping circuit, which may be used independently or used in conjunction with the
foregoing current regulator, is interposed between first and second terminals that are
connected to an external circuit. The voltage-clamping circuit comprises a bidirectional
voltage clamp including at least one cold-cathode field emission electron tube. The
bidirectional voltage clamp has a threshold operating voltage. First and second control
grids are associated with the at least one cold-cathode field emission electron tube and are
receptive of respective control signals for modulating voltage in a main current-
conducting path between the first and second terminals. A circuit biases the voltage
clamp via the first and second control grids to set the threshold operating voltage.
[000016]  Beneficially, the foregoing voltage-clamping circuit can operate at high
voltage and high current in an electrical power grid or other circuits.

[000017]  Another aspect of the present disclosure uses the foregoing current regulator
and voltage clamp in conjunction with each other. It is distinguished from solid-state
devices by its extreme resistance to failures due to arcing. In a solid-state device, a single
electrical arc will cause a catastrophic failure, while, in mentioned embodiment, the
circuit can be made to be highly tolerant to arcing using routine skill in the art based on

the present specification.
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[000018]  The present aspect is further distinguished over a solid-state version because
it has a substantially broader temperature operating range. In solid state devices,
performance starts to rapidly decline typically at only about 26 degrees C, as opposed to
the mentioned embodiment when using cold-cathode field emission electron tubes, which
can successfully operate at temperatures of 650 degrees C without the use of specially
made cooling means. The upper temperature limit for cold-cathode field emission
electron tubes occurs at around 760 degrees C, at which point the tube electrodes go in
spontaneous thermionic emission and the tube begins to continuously conduct current.

Some new semiconductor devices, usually based on silicon carbide, can operate at

somewhat higher temperatures than silicon-based devices, that is, about 200 degrees C

maximum. While this is a substantial improvement, it is still substantially lower than the

temperature limit for cold-cathode field emission electron tubes, and silicon carbide is

still subject to single arc failures, making it almost as vulnerable as silicon-based devices. ‘
Silicon carbide is also very expensive and has low individual device voltage and current |
handling ratings, typically having a voltage rating no higher than about 1500 volts, ‘
necessitating the extensive use of series and parallel networks to achieve higher voltage |
ratings.

[000019] In the mentioned aspect of the disclosure, combining a current regulator and

a voltage clamp, a single cold-cathode field emission electron tube can be built to handle

voltages in excess of one million volts, with current handling capacities measured in

hundreds of KiloAmperes, which no known semiconductor device can achieve.

[000020] A high voltage high current vacuum integrated circuit comprises a common

vacuum enclosure. The vacuum enclosure contains (1) at least one internal vacuum

pumping means; (2) at least one exhaust tubulation for evacuating the vacuum enclosure

and subsequently sealing and separating the vacuum enclosure from at least one external

vacuum pump; (3) vacuum-sealed electrically-insulated feedthroughs passing electrical

conductors from outside the vacuum enclosure to inside the enclosure while electrically

insulating the electrical conductors from the vacuum enclosure and maintaining the

vacuum seal; and (4) internal electrical insulation for minimizing the overall size

requirement for the vacuum enclosure, and preventing
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internal electrical short circuits. At least two cold-cathode field emission electron tubes
within the vacuum enclosure are configured to operate at high voltage and high current
and are interconnected with each other to implement a circuit function.

[000021] The foregoing high voltage high current vacuum integrated circuit
increases system reliability and simplifies installation into a system as compared to the
prior art practice of housing of each cold-cathode field emission electron tube in a

separate vacuum housing.
BRIEF DESCRIPTION OF THE DRAWINGS

[000022] Further features and advantages of the invention will become apparent
when reading the following detailed description of the invention in conjunction with the
drawing figures, in which:

[000023] FIG. 1 is an electrical schematic diagram of a high voltage high current
regulator, partly in block form, in accordance with a preferred embodiment of the
invention.

[000024) FIG. 2 is a simplified perspective view, partially cut away, of a bidirectional
cold-cathode field emission tetrode tube, or Bi-tron tube, that may be used in the
current regulator of FIG. 1.

[000025) FIG. 3 is an electrical schematic diagram of a pair of back-to-back cold-
cathode field emission tubes that may be used instead of a Bi-tron tube shown in FIGS.
1and 2.

[000026] FIG. 4 is an electrical schematic diagram, partly in block form, of a pair of
power transformers, which utilize a current-regulating aspect of the invention for
protection from Geomagnetically Induced Currents (GIC).

[000027] FIG. § is an electrical schematic diagram of circuitry for controlling the
current regulators of FIG. 4 when used to protect the transformers from
Geomagnetically Induced Currents (GIC).

[000028] FIG. 6 is similar to FIG. 4, but shows a different use of the current-
regulating aspect of the invention.

[000029] FIG. 7 is similar to FIG.1, but shows a high voltage high current regulator
circuit having both a current regulator circuit, as in FIG. 1, and a voltage-clamping

circuit.
6
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[000030] FIG. 8 is a simplified, longitudinal cross-sectional view through the central
axis of a high voltage high current vacuum integrated circuit, modified to show internal
components in the foreground.

[000031] FIG. 9 is a block diagram of an HVHC VIC and various external vacuum
pumps.

[000032] FIG. 10 is a cross-sectional side view of a portion of a magnetic shield
having a penetration for equalizing vacuum on both sides of the shield.

[000033] FIG. 11 is an enlarged, simplified cross-sectional view taken at the arrows
marked FIG. 11, FIG. 11 in FIG. 8.

[000034] FIG. 12 is a perspective view, partially cutaway, of a ferrite low pass filter
having an integrated capacitor that may be used in the high voltage high current
vacuum integrated circuit of FIG. 8.

DETAILED DESCRIPTION OF THE INVENTION

[000035] A list of reference numerals and associated parts appears near the end of
this detailed description.

[000036] The following definitions relate to terms that used herein.
Definitions

[000037] “Electrical power grid” means herein an electrical power and distribution
grid for powering private residences, industry and government users. Typically, an
electrical power grid will have a plurality of power generators and a means for
transmission of electricity to a plurality of distribution substations, the function of which
substations is to distribute power to private residences, industry and government users.

[000038]  “Fault current” means a severe over-current condition.

[000039]  “High current” means herein greater than 50 Amps.

[000040])  “High voltage” means herein greater than 400 Volts AC.
High Voltage Current Regulator

[000041] In accordance with a first aspect of the invention, FIG. 1 shows a high
voltage current regulator circuit 10 having first and second terminals 13 and 15 for
being interposed in an circuit whose current is to desired to be regulated. Preferably,

7
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current regulator circuit 10 has a high current capacity, where “high current” is defined
above. When the polarity of a voltage on the first and second terminals 13 and 15 is
positive, the portion of the circuit 10 almost fully bounded by dashed-line loop 18
controls the operation of the regulator circuit 10. Conversely, when the polarity of a
voltage at the first and second terminals 13 and 15 is negative, the portion of the circuit
10 almost fully bounded by dashed-line loop 20 controls the operation of the regulator
circuit 10. Of course, in the horizontally illustrated circuit path between the first and
second terminals 13 and 15, the conductor (unnumbered), the main current-carrying
electrodes (called cathanodes) 28 and 29 of the Bi-tron tube 23 and a shunt resistor
47 are used for both positive and negative voltage excursions on the first and second
terminals 13 and 15. The grids 26 and 31 of Bi-tron 23 are respectively used during
the positive and negative excursions of voltage on first and second terminals 13 and
15.

[000042] The dashed-line loops 18 and 20 preferably are symmetrically arranged
with each other, both as to circuit topology and component values, so that a description
of only the circuitry associated with dashed-line loop 18 suffices to describe the circuitry
associated with dashed-line loop 20.

[000043] The circuitry of dashed-line loop 18 includes a bidirectional cold-cathode
field emission tube 23, referred to in abbreviated form herein as a Bi-tron tube. The
structure of the Bi-tron tube 23 may be more readily appreciated with reference to FIG.
2, which shares common part numbers with the Bi-tron 23 if FIG. 1. As shown in FIG.
2, Bi-tron tube 23 includes an inner “cathanode” 26, by which is meant a main current-
carrying conductor that alternately functions as a cathode and an anode. Cathanode
26 is cylindrically shaped, and may be in the form of a cylindrical solid as shown. A
second cathanode 29, of cylindrical shape, surounds cathanode 26 and shares the
same longitudinal axis (not shown). A cylindrically shaped grid 28 surrounds
cathanode 26, is adjacent to, and associated with, such cathanode. A cylindrically
shaped grid 31 is enclosed by cathanode 29 and is adjacent to, and associated with,
such cathanode. Further details of Bi-tron tubes can be found in Pub. No.
US2010/0195266 A1 dated August 5, 2010, entitied Dielectric Ceramic and Laminated
Ceramic Capacitor.

[000044] A high voltage electron tube 35 is included in dashed-line loop 18, and, in
accordance with circuitry to be now described, senses voltage on first terminal 13 and
8
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controls grid 31 of Bi-tron 23. High voltage electron tube 35, also known as a Pulsatron
tube, is a cold-cathode field emission tube, having an anode 37, a cathode 39 and a
grid 41 adjacent to, and associated with such cathode 39. In an actual embodiment,
anode 37, cathode 39 and grid 41 are cylindrically shaped. Further details of a
Pulsatron tube are found in US Pat. 4,950,962, issued Aug. 21, 1990, entitled High
Voltage Switch Tube. First terminal 13 and second terminal 15 are preferably
interconnected into an electrical power grid (not shown) in the order of direction of
power flow in the electrical power grid.

[000045] In the dashed-line loop 18 of FIG. 1, assuming a positive voltage on first
and second terminals 13 and 15, resistor 42 and an adjustable resistor 44 establish a
bias voltage for grid 31 of Bi-tron 23, which functions as a series current regulator.
Resistor 42 may have an inductive component as well. Bi-tron 23 is functionally
analogous to a FET in this circuit. The current flowing from Bi-tron tube 23 flows
through a shunt resistor 47 so as to develop a voltage across such resistor 47. This
voltage is fed through a voltage divider comprised of resistors 50 and 52. Grid 41 of
Pulsatron tube 35 is connected to the junction of resistors 50 and 52. A reference
voltage, marked, REF. 1, is applied to the upper side of resistor 50. The ratio between
the voltage of shunt resistor 47, taken at second terminal 15, and the reference voltage
REF. 1 determines the degree of conduction of Pulsatron tube 35, which, in turn,
controls the conduction of Bi-tron tube 23. A capacitor 55, connected across resistor
52, establishes a first time constant with resistor 50 to ensure that the circuit stays in
conduction up to the zero-crossing point. By adjusting the values of reference voltage
REF. 1 and the resistor values of voltage divider 50 and 52, different current-regulation
modes can be implemented. Reference voltage REF. 1 is provided by another circuit,
and will be routine to implement by a person of ordinary skill.

Suppression of Harmonics

[000046] High frequency harmonics are undesirable in electric power grids where
they lead to system inefficiencies. Considerable effort is expended by the public utility
companies to eliminate high frequency harmonics, so any switching component that
produces them is of inappropriate design for power grid applications. Reduction of
harmonic content in switching operations by high voltage current regulator 10 (FIG. 1)
is preferably implemented (1) by increasing the length of the electron gun assemblies

formed from cathanodes 26 and 29 as shown in FIG. 2, and (2) by including a second
9



WO 2012/048046 PCT/US2011/054986

time constant circuit in each dashed-line loop 18 or 20 in FIG. 1 for controlling Bi-tron
23.

[000047] Thus, the circuitry within dashed-line loop 18 includes an RC time
constant circuit, formed by resistor 42 and capacitor 58, which has been calculated to
produce a risetime on the order of 1/8 of a cycle in a 60 Hz or other typical frequency in
an electrical power distribution grid circuit. An altemative time constant circuit uses an
inductor in place of resistor 42, in series with grid 29 of Bi-tron tube 23. The described
time resistor-capacitor (RC) time constant circuit or inductor capacitor (LC) time
constant circuit provides the desired slow rise time to minimize harmonics, as
described above.

[000048] Resistor 64 is part of an adjustable voltage divider with adjustable resistor
44, for setting the grid bias of Pulsatron 35. Resistor 64 also influences the bias of the
associated grid 31 of the Bi-tron tube 23. A further resistor 66, shown in phantom lines,
may also be used in biasing grid 41 of Pulsatron tube 35.

[000049] FIG. 3 shows an alternative to using a bidirectional cold-cathode field
emission tube, or Bi-tron tube, 23 in FIG. 1. Thus, FIG. 3 shows a pair of back-to-back,
or anti-parallel, connected cold-cathode field emission electron tubes 24 and 25, so
that the anode of tube 24 is at the potential of main-current carrying electrode 27,
which corresponds to cathanode 26 of Bi-tron 23 (FIG. 1) and the anode of tube 25 is
at the potential of main current-carrying electrode 30, which corresponds to cathanode
29 of Bi-tron 23. Tubes 24 and 25 have respective control grids 33 and 34, which
correspond to control grids 31 and 28 of Bi-tron 23 in FIG. 1. Electron tubes 24 and 25
preferably have cylindrical electron geometry, and may comprise Pulsatron tubes,
described above.

[000050] For operation of high voltage current regulator circuit 10 when the polarity
of the voltage on first and second terminals 13 and 15 is negative, the circuitry within
dashed-line loop 20 functions in a complementary manner to the above-described
circuitry in dashed-line loop 18. Corresponding components in dashed-line loop 20
have been given corresponding reference numerals, augmented by a leading “10";
whereby, Pulsatron tube 1135 in lower loop 20 corresponds to Pulsatron tube 35 in
upper loop 18.

10
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Preferred Design Features of Current-Regulating Circuit

[000051]  Preferably, the high voltage current regulator circuit 10 of FIG. 1 is
designed to have one or more of the following features:

e FAULT CURRENT REGULATOR, having sufficient voltage and current
handling capacity to limit fault currents in an electrical power grid, and, as
described below in connection with FIG. 7, to also limit over voltage conditions
in the electrical power grid.

e GIC PROTECTION, having sufficient voltage and current capacity so that, when
placed in the ground leg of a Wye-connected winding of a transformer or
electrical generator of an electrical power grid, the bidirectional curmrent-
regulating circuit regulates geomagnetically-induced currents so as to prevent
damage to the winding or generator. The circuit of the current invention is
functional at the very low frequency (pseudo-DC) typical of GIC signals.

e POWER FLOW CONTROL, having sufficient voltage and current handling
capacity to control the flow of power in an electrical power grid.

 CIRCUIT BREAKER, having a capability to regulate current between the first
and second terminals 13 and 15 from full conduction (100 %) to full cut-off (i.e.,
zero current flow) in a continuous analog function when desired, so that the
current regulator circuit 10 can be used as a circuit breaker.

Implementing the foregoing capabilities will be routine to a person of ordinary skill in
view of the present specification. These capabilities are further described as follows.

[000052] FAULT CURRENT REGULATOR. Fault current limiting is an extremely
important technique that can be implemented in many places in an electrical power
grid. It can be used to protect individual elements of such a grid, such as circuit
breakers and transformers; it can be used as an active control element in so-called
“Smart-grids”; and it can be used for protection from Geomagnetically Induced Currents
(GIC), discussed as follows.

[000053] GIC PROTECTION. One use of the current-regulating circuit of the
invention is a fault current regulator to limit current and protect equipment from damage
due to GIC. FIG. 4 shows three-phase transformers 70 and 80 connected between
electrical power grid elements 85 and 86, where the elements are those set forth in the

1
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above definition of “electrical power grid.” Transformer 70 has a primary winding 72
with three phases connected in a Delta configuration, and a secondary winding 74 with
three phases connected in a Wye configuration. Transformer 80 similarly has a
primary winding 82 connected in a Wye configuration and a secondary winding 84 with
three phases connected in a Delta configuration. Reference numeral 87 refers to some
tangible distance across the surface and upper crust region of the earth, and grounds
88 and 89 are earth grounds. GIC 90 is represented by a series of arrows, and
constitute a pseudo DC current. GICs are described in more detail in US Pat. Pub.
2010/0097734 A1 dated April 22, 2010, entitled Method and Apparatus for Protecting
Power Systems from Extraordinary Electromagnetic Pulses.

[000054] FIG. 4 also shows the inclusion of high voltage, high current regulators 91
and 95 in respective ground legs of the Wye-connected windings 74 and 82 of
transformers 70 and 80, attached to earth grounds 88 and 89, respectively. The
current regulators 91 and 95, which may each comprise a high voltage current
regulator circuit 10 of FIG. 1, for instance, act to limit GIC, which is a very low
frequency pseudo DC current, or other DC current travelling in the ground legs of the
Wye-connected transformer windings. In this way, the transformers 70 and 80 are
protected against such pseudo DC or DC fault currents that may readily damage or
destroy the transformer.

[000055] The current regulators 91 and 95 of FIG. 4 are controlled in response to
current in the mentioned ground legs for windings 74 and 82 that is measured from the
voltage on resistances 92 and 96 of respective high speed current shunts 93 and 97.
For instance, the voltages on resistances 92 and 96 are provided a respective DC — AC
differentiator circuit 100 of FIG. 5, for instance, for setting the REF. 1 and REF. 2
reference voltages (FIG. 1) of the current regulators 91 and 95. Such voltages are
preferably transmitted to input terminal 101 of respective FIG. 5 DC - AC differentiator
circuits, which control the current regulators in a way so as to allow AC transient
currents to simply pass through the current regulators without restriction.

[000056] The voltages on resistances 92 and 96 (FIG. 4) are preferably transmitted

to input terminals 101 of respective FIG. 5 circuits by respective coaxial connection

means 94 and 98. The foregoing and other details of the high speed current shunts

are within the routine skill of the art, through the above-cited US Pat. Pub.

2010/0097734 A1 dated April 22, 2010, entitled Method and Apparatus for Protecting
12
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Power Systems from Extraordinary Electromagnetic Pulses. A less desirable
alternative to the use coaxial connection means 94 and 98 is a fiberoptic link (not
shown) with an electrical-to-optical stage at the input end and an optical-to-electrical
stage at the output end.

[000057] The voltages of the resistances 92 and 96, received by respective input
terminals 101 of the FIG. 5 circuit, are applied to one input of a differential amplifier
104, whose other output is connected to ground 105. In the presence of a DC, or a
pseudo DC current such as characterizes GIC, in the above-mentioned ground legs of
transformer windings 74 and 82, the respective differential amplifiers 104 produce very
little output. However, in the presence of transient AC current in the mentioned ground
legs, the differential amplifiers 104 respectively produce a sharp spike. A respective
Schmidt trigger 106, having one input receiving the output from a differential amplifier
104 and another input at a REF. 3 reference voltage, detects the foregoing spike, and
creates a voltage at a respective output terminal 103, which is considerably higher than
the nomal REF. 1 and REF. 2 reference voltages (FIG. 1), and overrides those
reference voltages to allow a high value of transient AC current to pass unhindered
through the current regulators 93 and 97. The design of current regulators 93 and 97,
including selection of the REF. 1 and REF. 2 reference voltages, determines the extent
of the high value of current that is allowed to pass in the presence of an AC transient
current.

[000058] The other input of the Schmidt trigger 106 is a reference voltage REF. 3,
that is used to set a threshold for causing the Schmidt trigger 106 to send the foregoing
described, overriding output voltage on output terminal 103 to allow a high value of
transient AC current to pass unhindered through the current regulators 93 and 97. The
lower the threshold that is set by REF. 3, the larger is the range of transient AC current
that is allowed to pass unhindered through the current regulators 93 and 97.

[000059] In the absence of detected transient AC current in the above-mentioned
ground legs of Wye-connected windings 74 and 82 in FIG. 4, the REF. 1 and REF. 2
reference voltages (FIG. 1) for each of current regulators 91 and 95 operate without
override from an output 103 of a respective DC — AC differentiator circuit 100 of FIG. 5.

[000060] Differential amplifier 104 and Schmidt Trigger 106, or other threshold
voltage detector, may be implemented with cold-cathode field emission tubes, or with
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other circuitry that can properly operate at the voltages and current levels that would be
encountered. Such voltage and current levels may range upwards of 10 KV, or even
20-30 KV, and may range upwards of 100 KiloAmperes. Implementation of DC — AC
differentiator circuit 100 will be routine to those of ordinary skill in the art based on the
present specification.

[000061]  The use of high voltage, high current regulators 91 and 95 in the circuit of
FIG. 4 is superior to the use of resistors or capacitors (not shown) in the ground legs of
a Wye-connected transformer, since resistors and capacitors are prone to failure and
thus act more like fuses which burn out and consequently create an open circuit. Once
a resistor or capacitor burns out and creates an open circuit, the circuit in which they
are located becomes ungrounded and extremely hazardous. Capacitors are also
limited by their voltage and current ratings, which are orders of magnitude lower than
that which the current regulators 91 and 95 of FIG. 4 can safely and repeatedly handle.

[000062] POWER FLOW CONTROL. An important application of the high voltage
high current regulator 10 of FIG. 1 is to control the flow of power in an electrical power
grid. This function is distinct from fault-current limiting, which is a protective function.
Control of the flow of power is an energy management technique used to optimize
transmission capacity of an electrical power grid. FIG. 6 shows an implementation of
this application, and is generally similar to FIG. 4 and so uses the same reference
numerals for the same parts. FIG. 6 shows the interposition of current regulators 110,
112, and 114, which may each comprise a high voltage current regulator circuit 10 of
FIG. 1, for instance, in the respective conductors 111, 113 and 115 interconnecting the
Wye-connected windings 74 of transformer 70 with the Wye-connected windings 82 of
transformer 80. Current regulators 110, 112 and 114 can control power flow in an
electrical power grid since the voltage of such grids is regulated to be approximately
constant. Thus, control of the current level directly controls flow of electrical power.
When used for power flow control, current regulators 110, 112 and 114 typically
function to regulate current continuously or more continuously than when used for the
purpose of limiting overcurrent transients.

[000063] Beneficially, the current regulators 110, 112, and 114 in the circuit of FIG.
6, for instance, may also be used for to remove an over-current condition in an
electrical power grid.
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[000064] CIRCUIT BREAKER. The high voltage high current regulator circuit 10 of
FIG. 1 may advantageously be used to regulate current between first and second
terminals 13 and 15 to a zero value in a continuous analog function when desired. In
this way, current regulator circuit 10 can be used as a circuit breaker.

[000065] Other applications for the high voltage high current regulator 10 of FIG. 1
will be apparent to persons of ordinary skill in the art based on the present

specification.
Combined Voltage Regulator and Current Regulator

[000066]) It is desirable to further enhance the functionality of the above-described
high voltage high current regulator circuit 10 of FIG. 1 by the addition of a voltage-
clamping circuit, as shown, for instance, in FIG. 7. This is because fault current surges,
for instance, are frequently accompanied by over-voltage transients, and sometimes
over-voltage transients occur by themselves. |If of sufficient magnitude, such over-
voltage transients can cause electrical insulation failures, leading to serious system
damage.

[000067) Thus, FIG. 7 shows a current regulator circuit 120, similar to current
regulator circuit 10 of FIG. 1, and having the same reference numerals as in FIG. 1 to
indicate like part for which description in regard to FIG. 7 is thus unnecessary. FIG. 7
also shows a high voltage high current voltage-clamping circuit 130 interposed
between the first and second terminals 13 and 15. A bidirectional cold-cathode field
emission electron tube, or Bi-tron tube, 140, of the same description as the above-
described Bi-tron tube 23 of FIG. 1, preferably has its outermost electrode or
cathanode 141, comparable to cathanode 29 of FIG. 2, connected to ground 145 via a
resistor 148 and its central electrode or cathanode 143 connected to conductor 150
that supplies current to current regulating circuit 120. Bi-tron tube 140 has a threshold
operating voltage. A first control grid 142 is associated with outer electrode or
cathanode 141 of Bi-tron tube 140, and a second control grid 144 is associated with
inner electrode or cathanode 143 of Bi-tron tube 140. These grids 142 and 144 provide
a means for control of current flow through Bi-tron tube 140.

[000068] An external circuit for biasing Bi-tron tube 140, comprising resistor 148
and resistors 152, 154 and 157, for instance, are used to set a threshold operating
voltage for operation of tube 140. Selection of component values as well as variations
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in the biasing circuitry will be routine to those of ordinary skill in the art based on the
present specification. A preferably ferrite, first low pass filter 160 may be provided
between first terminal 13 and bidirectional current regulator circuit 120 for suppression
of transients below the aforementioned threshold operating voltage of Bi-tron tube 140.
The use of a ferrite filter advantageously avoids ferromagnetic resonances in the
protected circuit.

[000069] The mentioned biasing circuit for Bi-tron tube 140 achieves voltage
clamping to a predetermined value by selectively bleeding off from excess voltage from
first terminal 13 to ground by the shunt configuration in which 140 tube is configured in
the circuit of FIG. 7. A person of ordinary skill in the art will find it routine to design the
mentioned biasing circuit for Bi-tron tube 140 in view of the present specification.

[000070] Preferably, the voltage-clamping circuit 130 precedes the bidirectional
current regulator circuit 120 in the direction of power flow in an electrical power grid.
This is because phase angle of current lags 90 degrees behind the phase angle of the
voltage, and clamping voltage transients with voltage-clamping circuit 130 may be
preferable before regulating current with current regulator circuit 120. However,
voltage-clamping circuit 130 could follow the bidirectional current regulator circuit 120
in the direction of power flow in an electrical power grid.

[000071] In the bidirectional current regulator circuit 120, a preferably ferrite,
second low pass filter 1770 may be used to suppress any transients that may have
escaped previous filtering or suppression.

[000072] An alternative to using a Bi-tron tube 140 in voltage-clamping circuit 130
of FIG. 6 is to use the pair of back-to-back, or anti-parallel, connected cold-cathode
field emission electron tubes 24 and 25 of FIG. 3.

High Voltage High Current Vacuum Integrated Circuit

[000073] As conceived by the present inventor, as is the case in the semiconductor
industry, integration of circuit function would be advantageous with high voltage high
current vacuum tube circuits. In the case of electron tube circuits, integration provides
a way to provide functional blocks of circuitry as opposed to discrete components, but
is distinguished from semiconductor integrated circuits due to often vastly different
voltage and current operating regimes, as well as totally different physical
manifestations and operating principles.
16
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[000074]  In one embodiment, the high voltage current regulator circuit 10 of FIG. 1
is implemented as three separate tubes such as shown, for instance in FIGS. 6E, 12
and 13 of Pub. No. US 2010/0195256 A1 dated August 5, 2010, entitied Method and
Apparatus for Protecting Power Systems from Extraordinary Electromagnetic Pulses,
which are interconnected in a circuit. In contrast, as shown in FIG. 8, a preferred
embodiment incorporates at least the cold-cathode field emission electron tubes of
FIG. 1 or FIG. 7 into a single stainless steel vacuum enclosure 180 of circular cross-
section along its length, or horizontal direction as shown in in FIG. 8, so as to form a
high voltage high current vacuum integrated circuit (HVHC VIC).

[000075]  With reference to FIG. 7, in addition to placing electron tubes 140, 23, 35
and 1135 into common vacuum enclosure 180 (FIG. 8), the enclosure 180 may also
house low pass filters 160 and 170, for instance. Since it is difficult to repair electrical
components within the vacuum enclosure 180, it is usually best practice to house only
vacuum-tolerant and reliable electrical components within the enclosure. This practice
may indicate that some or all of the associated resistors and capacitors shown in FIG. 7

should be located external to the vacuum enclosure.

[000076] Correspondence between parts within vacuum enclosure 180 of FIG. 8
and the circuit of FIG. 7 are as follows:

Parts in FIG. 8 Circuit of FIG. 7
Bi-tron tube 200 Bi-tron tube 144
Bi-tron tube 210 Bi-tron tube 23

Pulsatron tube 220 or 230 | Pulsatron tube 35

Pulsatron tube 230 or 220 | Pulsatron tube 1135

Low pass filter 193 Low pass filter 160

Low pass filter 195 Low pass filter 170

[000077) Referring back to FIG. 8, vacuum enclosure 180 also includes
conventional chemical getter pumps 240, 242, 244 and 246, which are shown mounted
on conventional vacuum-sealed, electrically insulated feedthroughs 241, 243, 245 and
247, respectively. Although not shown, preferably, the getter pumps 240, 242, 244 and
246 are mounted on one or more internal electrical buses, that are, in turn, connected
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to one or more conventional vacuum-sealed, electrically insulated feedthroughs. In
addition to chemical getter pumps, or as an alternative to chemical getter pumps,
electric vacuum pumps (not shown) within or external to the vacuum enclosure 180,
could be used. The capacity of, and number of, vacuum pumps that will be required for
any particular vacuum enclosure is a routine determination to those of ordinary skill in
the art.

[000078] Other electrical leads are brought out from vacuum enclosure 180 from
other electrical components within the enclosure, so as to enable electrical connections
to external circuitry and to external resistors, capacitors or other electrical components
such as those shown in FIG. 7. The connections can be conventional vacuum sealed,
electrically insulated feedthroughs 202, 204 and 206 for Bi-tron tube 200, the same
type of feedthroughs 212, 214 and 216 for Bi-tron tube 210, the same type of
feedthroughs 222, 224 and 226 for Pulsatron tube 220, and the same type of
feedthroughs 232, 236 and 236 for Pulsatron tube 230. Alternatively, if flexible leads
are desired, as compared to the usually rigid vacuum sealed, electrically insulated
feedthroughs just mentioned, then conventional flexible “flying leads” can be used to
allow external connection to the electrodes of the electron tubes or other electrical
components within the vacuum enclosure 180.

[000079) The various electrical components in vacuum enclosure 180 may be
arranged in many different manners. A preferred approach is to have Bi-trons 200 and
210 aligned with each other along their respective longitudinal axes, rather than to be
offset from each other as shown in FIG. 8. A further variation is to use more than one
HVHC VIC, each having its own vacuum enclosure for housing fewer than all the parts
shown in the circuit of FIG. 7, for example, which may afford more flexibility in the
overall dimensions of all aggregate circuit components.

[000080] FIG. 8 shows the optional, preferred use electrical potting compound 250
and 252 to provide electrical insulation between conductors of conventional high
vacuum electrical feedthroughs in transition regions where electrical leads emerge from
the vacuum enclosure 180. Such potting compounds may be selected from various
rubbers and other elastomers, plastics, and ceramics, with ceramics being preferred for
highest temperature use. When using the alternative of “flying leads,” as mentioned
above, the use of potting compound is strongly preferred.
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[000081]  FIG. 9 shows a HVHC VIC 400, such as shown in FIG. 8, connected to an
external vacuum pump 402, whose purpose is to maintain the necessary high vacuum
within HVHC VIC 400 during operation.

[000082] FIG. 9 also shows HVHC VIC 400 connected to a large, external vacuum
pumping system 406, whose purpose is to evacuate HVHC VIC 400 during
manufacturing, by an exhaust tubulation 404. The exhaust tubulation 404 is typically a
short length of metal pipe. At the conclusion of the evacuation process, the exhaust
tubulation 404 is “pinched off” by a tool (not shown) to provide a robust vacuum seal for
both the HVHC VIC 400 and the external vacuum pumping system 406, as will be
routine to persons of ordinary skill from the present specification.

[000083] Referring back to the HVHC VIC 190 of FIG. 8, a pinched-off exhaust
tubulation 404 is shown in the lower right corner of the drawing.

Multiple Circuit Functions Implemented in HYHC VIC

[000084] As the foregoing makes clear, multiple electrical components housed
within common vacuum enclosure enable multiple circuit functions within HYHC VIC
190 of FIG. 8. The various electrical connections from electrical components internal to
vacuum enclosure 180 to external circuitry or electrical components allows a single,
multiple tube HVHC VIC to address differing requirements by only changing the
external electrical components.

[000085] The vacuum enclosure 180 of FIG. 8 also typically includes various
electrically insulating mechanical support structures, such as internal magnetic shields
260, 262, 264 and 266, discussed in detail below, and electrical grounding support 275
for Bi-tron 200. Grounding support 275 is typically provided with vent openings (not
shown) for the purpose of improving vacuum conductance and providing pressure
equalization within the vacuum enclosure 180. Enclosure 180 also typically contains
many ceramic insulators, such as cylindrically shaped insulator 270, just within vacuum
enclosure 180. FIG. 8 omits various electrically insulating mechanical support
structures and ceramic insulators for clarity of illustration; use of such support
structures and insulators will be routine to those of ordinary skill in the art.

Benefits of High Volitage High Current Vacuum Integrated Circuit

[000086] By incorporating multiple cold-cathode field emission electron tubes and,

preferably, other electrical components common vacuum enclosure 180, in a HVHC
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VIC 190, installation of the circuitry housed within the enclosure is simplified, and
typically requires less space from installation. This reduces the cost of installation, and
increases system reliability by reduction of the mean time between failures for the
present HVHC VIC.

[000087] By implementing multiple circuit functions in the same vacuum enclosure,
the present HVHC VIC is somewhat similar to semiconductor circuits. However, the
motivation for a HVHC VIC is significantly different from that of a semiconductor
integrated circuit (IC). In a semiconductor IC, the primary reason for integration is to
increase circuit density. In a VIC, the primary motivation is to increase reliability and
simplify installation into a system. HVHC VIC's are primarily intended for use in high
voltage, high current, high power electronics circuits, a field in which semiconductors
are not able to operate. Similarly, HVHC VIC's are not practical to manufacture for
voltages below 400 voits. Below 400 volts, semiconductor devices are more practical.
At substantially above 400 volts, semiconductors become progressively less useful as
the voltage and current requirements of the circuit increase. By 26,000 Volts, there are
no single semiconductor devices known. In comparison, cold-cathode field emission
electron tubes within a HVHC VIC can achieve operate at considerably higher voltages,
including voltages of 1.2 million Volts and higher, and at simultaneous currents in the
hundreds to thousands of MegaAmperes. Further, the very high arc resistance of
electron tubes and their superior thermal performance make electron tubes appropriate
for integration into a HVHC VIC.

[000088] The claimed invention implements sophisticated circuit functions,
responding to different external conditions with different response modes, as previously
described.

Definitions Concerning Magnetic Shields

[000089]) The following two sections on Internal Magnetic Shielding and External
Magnetic Shielding use the following, various terms that have the following meaning
herein:

[000090]  “Magnetic shield” means a structure including magnetic shielding material
formed either (1) fully from magnetic shielding metal, or (2) as a mixture of magnetic
shielding metal and non-magnetic material, such as electrically insulating ceramic. A
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magnetic shield may be covered with electrically insulating material to prevent arcing
from high voltages.

[000091] “Magnetic insulation” is used interchangeably with the “magnetic shielding
material” as defined in the foregoing definition of “magnetic shield.”

[000092] “Electrical insulation” means dielectric material such as an electrically
insulating ceramic.

[000093] “Electrical and magnetic insulation” means a combination of the
foregoing-defined “electrical insulation” and “magnetic insulation.”

[000034] Variants of the foregoing terms, such as “magnetically insulating” and
“electrically insulating” have similar meanings as found in the foregoing definitions.

[000035] As used herein, “vacuum-grade” refers to materials that do not exhibit the
property of outgassing; that is, the property of gasses being released from interstitial
spaces within the atomic or molecular structure of such material in the presence of
reduced pressure and temperature or both reduced pressure and temperature.

[000096] “Thin" magnetic material is defined herein as a material where the
absolute value of its surface area is substantially greater than the absolute value of its
thickness.

External Magnetic Shielding

[000097] In designing a HVHC VIC, the adverse impact of external magnetic fields
should be considered, to make sure that any such extemal fields do not adversely
affect the performance of electrical components within the HVHC VIC. In this
connection, the vacuum enclosure 180 (FIG. 8) can be formed from high-permeability
magnetic shielding metal (not shown), or a liner (not shown) of such material can be
interposed between the metallic vacuum enclosure 180 and the ceramic insulator 270
just inside enclosure 180. For enhanced magnetic shielding, multiple layers (not
shown) of altemating high permeability and low permeability magnetic shielding metals
can be used; and for still more enhanced magnetic shielding, electrically and
magnetically insulating dielectric material (not shown) can be interposed between the
foregoing alternating layers. Enhanced magnetic shielding may also be attained by
interposing the foregoing type of dielectric material between layers of material having
the same permeability, for instance. The selection of any foregoing techniques, and
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others, for providing shielding of electrical components within an HVHC VIC from
external magnetic fields will be routine to persons of ordinary skill in the art based on
the present specification.

Internal Magnetic Shielding

[000098] A design consideration for a HVHC VIC 190 of FIG. 8, for example, is
whether the magnetic fields produced by electrical components within common vacuum
enclosure 180, which may be in relatively close proximity to each other, adversely
affects operation of other electrical components within such enclosure. Sources for
strong magnetic fields may arise from, for instance:

e Electron tubes within the vacuum enclosure 180 (FIG. 8) may typically have
high energy electron beams that create strong magnetic fields while passing
through the interelectrode spaces of the electron tube. If such magnetic fields
are sufficiently strong, such fields can distort the trajectories and overall
symmetry of electron beams within adjacent electron tubes within the enclosure
180.

e When low pass filters 193 and 195 within vacuum enclosure 180 are of the
ferrite type, such filters can, under some circumstances, also produce
substantial magnetic fields that can distort the trajectories and overall symmetry
of electron beams within adjacent electron tubes in the enclosure.

[000099] To address the foregoing problem of adversely high magnetic fields within
the vacuum enclosure 180, the magnetic shields 260, 262, 264 and 266 can be used to
separate electrical components within vacuum enclosure 180 from one or more other
components. The number, geometry, and composition of magnetic shields such as
260, 262, 264 and 266 depend on the specific configuration of a desired HVHC VIC,
and in particular the spacing interrelationships between internal magnetic field-
producing components and internal electron tubes or other components whose
operation could be adversely affected by internal magnetic fields.

[0000100] Placing a magnetic shield including magnetic shielding metal in the
common vacuum enclosure 180 (FIG. 8) with cold-cathode field emission tubes 200,
210, 220 and 230, that can be configured to operate at high voltage, potentially raises
the undesirable problem of internal electrical arcing and component failure. Thus, it is
desirable to electrically insulate the magnetic shields by encapsulating them in an
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electrical insulator such as electrically insulating ceramic or other refractory material of
appropriate dielectric strength and thickness. For simplicity of explanation for the
remainder of this section entitled Internal Magnetic Shielding, the reference to
“ceramic” is intended to mean “ceramic” as well as alternatives to ceramic.

[0000101] Thus, FIG. 10 shows a portion of a magnetic shield 280, having vertically
extending high permeability magnetic shielding metal 282 and a tubular shaped high
permeability magnetic shielding metal 284, preferably joined together at locations 286
and 288 by welding and annealing, and then encapsulated in an electrically insulating
ceramic 290. Preferably, in each location 286 and 288, the ceramic 290 is formed as a
fillet for purposes of reducing stress due to a concentration of the electric field.

[0000102] The resulting hollow, magnetically shielded tube 295 provides venting
and pressure equalization within the vacuum enclosure 180 (FIG. 8), and would be
located preferably close to chemical getter vacuum pumps for optimal vacuum
pumping. Magnetically shielded tube 295 preferably has an aspect ratio defined by the
ratio of its internal diameter to its length being one to four or greater. This aspect ratio
arises from the way in which magnetic field lines flow around an aperture in a tubular
structure. By maintaining this ratio, the magnetic shielding properties of the shield wall,
through which the tube passes, are maintained. One or more magnetically shielded
tubes 295 are required to assure uniform vacuum within vacuum enclosure 180 as
shown in FIG. 8, although they are not shown in FIG. 8 for simplicity.

[0000103] Magnetic shielding metal 282 and 284 is preferably all metal, but could
instead be formed of a mixture of high concentration, finely divided magnetic shielding
metal in high concentration with an electrically insulating ceramic, which is then molded
into a desired shape, encapsulated in electrically insulating ceramic 290, and then fired
to sinter and harden the ceramics. Preferably, the initial finely divided ceramic particles
and the encapsulating ceramic have the same chemical composition, to minimize
thermal expansion mismatch. In all of the above ceramic-encapsulating scenarios, the
fiing of the outer ceramic and, optionally of any interior composite ceramic and
magnetic material preferably performs the additional function of annealing the magnetic
shield metal to develop its full shielding potential.

[0000104] The above description of external magnetic shielding, under the prior
heading “External Magnetic Shielding,” includes variations from using a single layer of
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high permeability magnetic shielding metal for magnetic shielding. Such variations
apply as well to internal magnetic shielding, so that the high permeability magnetic
shielding metals 282 and 284 of FIG. 10 could be replaced with alternating layers of
high permeability and low permeability magnetic shielding metals, by way of example.
The selection of appropriate magnetic shielding metals will be routine to those of
ordinary skill in the art based on the present specification.

[0000105] FIG. 11 shows a better view of magnetic shield 266 of FIG.8, which has a
Y-shape in cross section, which may be an electrical insulator such as electrically
insulating ceramic 267 over magnetic shielding metal 268 such as pure or mixed
magnetic metal, similar to magnetic shield 280 in FIG. 11 as described above.
Preferably, the magnetic shielding metal 268 is attached to vacuum enclosure 180 by
welding when the vacuum enclosure is stainless steel or other electrically conductive
metal, and, as shown in FIG. 8, is also attached to the magnetic shielding material of
the adjacent magnetic shields 262 and 264. Similarly, in FIG. 8, the inner magnetic
shielding material for magnetic shields 260, 262 and 264, shown with metal cross-
hatching are welded to the vacuum enclosure 180 when the vacuum enclosure is

stainless steel or other electrically conductive metal.

[0000106] Bi-tron tube 210 and Pulsatron tubes 220 and 230 are shown as simple
circles, and many other structures are omitted for clarity. FIGS. 8 and 10 thus show
that each of Bi-tron tubes 200 and 210, Pulsatron tubes 220 and 230, and low pass
filters 193 and 195 are separated from each other by associated electrically and
magnetically insulated shields 260, 262, 264 and 266, and each may be considered to
be in its own internally electrically and magnetically insulated compartment. Of course,
more than one internal electrical component can exist in the same internally electrically
and magnetically insulated or electrically insulated compartment if the magnetic field
from one component does not adversely affect operation of the other components, and
so forth.

[0000107] It is desirable to have chemical getter vacuum pumps in any compartment

or region of the vacuum enclosure 180 (FIG. 8) that contains an electron tube or tubes.

This maximizes the conductance, and hence, efficiency of the chemical getter pumps

from the perspective of such electron tubes. It is possible to minimize the number of

getter pumps by providing electrically and magnetically insulated tubes 295 (FIG. 10)

which provide improved vacuum conductance-and-pressure equalization orifices
24



05 Sep 2014

2011312045

between compartments, provided that this can be accomplished without compromising the
electrical and magnetic insulation properties of the shields or separators between
compartments.

[0000108] As presently shown in FIG. 8, low pass filters 193 and 195 are shielded from
other electrical components within vacuum enclosure 180 of HVHC VIC 190 of FIG. 8 by
magnetic shields 260, 262 and 264. An alternative or additional way of magnetically
shielding low pass filters 193 and 195 is now described in connection with FIG. 12.

[0000109] FIG. 12 shows a preferred construction of a combined low pass filter 300. A
ferrite filter sleeve 303 is placed on a conductor 305, and forms the inner plate of a bypass
capacitor, as well as providing a blocking function for high frequency signals. An outer
tubular electrode 307 forms the outer plate of the bypass capacitor. A respective low pass
filter 300 provides the filtering described above for each of low pass filters 160 and 170 of
FIG. 7. Additional or alternative RF filtering components (not shown) may be incorporated in
the vicinity of the illustrated low pass filters 193 and 195 in FIG. 8, which implement low pass
filters 160 and 170 of FIG. 7, respectively.

[0000110] Low pass filter 300 includes grounding spokes 309. Although not shown in the
figures, grounding spokes 309 can attach to the vacuum enclosure 180 (FIG. 8) or another
grounded structure, preferably in such a way as to beneficially provide both electrical
grounding and mechanical support for low pass filter 300.

[0000111] Inregard to an alternative, or additional, way of magnetically shielding low pass
filters 193 and 195 (FIG. 8), outer tubular electrode 307 can be formed of magnetic shielding
metal, such as mu metal. In such embodiment, the low pass filter 300 acts to magnetically
shield other electrical components within vacuum enclosure 180 (FIG. 8) from magnetic
fields generated by low pass filters 193 and 195. In this connection, the right and left-shown
ends of the outer tubular electrode 307 should each extend beyond ferrite filter sleeve 303
so as to restrict the angle of emission of magnetic fields from within outer tubular electrode
307.

Additional Benefits of Internal Magnetic Shields

[0000112] In addition to providing electrical and magnetic insulation, magnetic shields
260, 262 and 264 in FIG. 8 provide significant mechanical support to various internal
electrical components. For instance, various of the electrically insulated
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feedthroughs, such as 212 and 214, through various of the electrically insulated
magnetic shields, e.g., 260, 262 and 264, and are advantageously mechanically
supported by such shields.

[0000113] The following is a list of reference numerals and associated parts as used
in this specification and drawings:

Reference Numeral | Part

10 | High voltage current regulator circuit

13 | First terminal

15 | Second terminal

18 | Dashed-line loop

20 | Dashed-line loop

23 | Bidirectional cold-cathode field emission tetrode
tube/Bi-tron tube

24 | Cold-cathode field emission electron tube

25 | Cold-cathode field emission electron tube

26 | Cathanode

27 | Main current-carrying electrode

28 | Grid

29 | Cathanode

30 | Main-current carrying electrode

31 | Grid

33 | Grid

34 | Grid

35 and 1035 | High voltage electron tube/Pulsatron tube

37 and 1037 | Anode

39 and 1039 | Cathode
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42 and 1042

Resistor

44 and 1044

Adjustable resistor

47

Shunt resistor

50 and 1050

Resistor

52 and 1052

Resistor

55 and 1055

Capacitor

58 and 1058

Capacitor

64 and 1064

Resistor

66 and 1066

Resistor

70

Three-phase transformer

72

Primary winding

74

Secondary winding

80

Three-phase transformer

82

Secondary winding

84

Primary winding

87

Earth

88

Earth ground

89

Earth ground

90

Geomagnetically induced current

91

Current regulator

92

Resistance

93

High speed current shunt

94

Coaxial cable connection

95

Current regulator

Resistance
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97 | High speed current shunt

98 | Coaxial cable connection

100 | DC - AC differentiator circuit

101 | Input terminal

103 | Output terminal

104 | Differential amplifier

105 | Ground

106 | Schmidt trigger

110 | Current regulator

111 | Conductor

112 | Current regulator

113 | Conductor

114 | Current regulator

115 | Conductor

120 | Current regulator circuit

130 | High voltage high current voltage-clamping circuit

140 | Bidirectional cold-cathode field emission electron
tube, or Bi-tron tube

141 | Outermost electrode or cathanode

142 | First control grid

143 | Central electrode or cathanode

144 | Second grid

145 | Ground

148 | Resistor

150 | Conductor
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152 | Resistor

154 | Resistor

157 | Resistor

160 | First low pass filter

170 | Second low pass filter

180 | Vacuum enclosure

190 | High voltage high current vacuum integrated circuit

193 | Low pass filter

195 | Low pass filter

200 | Cold-cathode field emission election tube, or Bi-tron
tube

202 | Electrically insulated feedthrough

204 | Electrically insulated feedthrough

206 | Electrically insulated feedthrough

210 | Cold-cathode field emission election tube, or Bi-tron
tube

212 | Electrically insulated feedthrough

214 | Electrically insulated feedthrough

216 | Electrically insulated feedthrough

220 | Cold-cathode field emission election tube, or
Pulsatron

222 | Electrically insulated feedthrough

224 | Electrically insulated feedthrough

226 | Electrically insulated feedthrough

230 | Cold-cathode field emission election tube, or
Pulsatron

29



WO 2012/048046

PCT/US2011/054986

232

Electrically insulated feedthrough

234

Electrically insulated feedthrough

236

Electrically insulated feedthrough

240

Chemical getter pump

241

Electrically insulated feedthrough

242

Chemical getter pump

243

Electrically insulated feedthrough

244

Chemical getter pump

245

Electrically insulated feedthrough

246

Chemical getter pump

247

Electrically insulated feedthrough

250

Potting compound

252

Potting compound

260

Magnetic shield

262

Magnetic shield

264

Magnetic shield

266

Magnetic shield

267

Ceramic

268

High permeability magnetic shielding metal

270

Ceramic insulator

275

Grounding support

280

Magnetic shield

282

High permeability magnetic shielding metal

284

High permeability magnetic shielding metal

286

Location
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288 | Location

290 | Ceramic

295 | Magnetically shielded tube

300 | Low pass filter

303 | Ferrite filter sleeve

305 | Conductor

307 | Outer tubular electrode

309 | Grounding spokes

400 | Vacuum integrated circuit

402 | External vacuum pump

404 | Exhaust tubulation

405 | Pinched-off exhaust tubulation

406 | Exhausting vacuum pumping system

408 | Location of pinch-off

[0000114] While the invention has been described with respect to specific
embodiments by way of illustration, many modifications and changes will occur to those
skilled in the art. For instance, while the above-described high voltage high current
regulator and voltage clamp of the present invention is primarily intended for operation
in AC circuits, it will function equally effectively in DC and pseudo DC circuits.
Additionally, whereas cylindrical electrode geometry is preferred for the various
electron tubes described herein, similar or the same as the geometry shown in FIG. 2,
electron tubes having other geometries, such as planar, arcuate or spherical, by way of
example, may be used. It is, therefore, to be understood that the claims are intended
to cover all such modifications and changes as fall within the true scope and spirit of
the invention.
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Claims:

. A high voltage high current regulator circuit for being interposed between first

and second terminals that are connected to an external circuit, comprising:

a) a bidirectional current-regulating circuit connected between the first and
second terminals for receiving and regulating current between the first
and second terminals; the current-regulating circuit comprising at least
one main-current carrying cold-cathode field emission electron tube that
conducts current between the first and second terminals; the at least one
main-current carrying colid-cathode field emission electron tube having
first and second control grids for controlling current conduction between
the first and second terminals when the voltage on the first and second
terminals is positive and negative, respectively; and

b) first and second grid-control cold-cathode field emission electron tubes
respectively providing control signals for said first and second grids.

The regulator circuit of ciaim 1, wherein harmonic-reduction circuitry is
connected to the first and second control grids to reduce the generation of
voltages that are harmonics of a main frequency of voltage present on the first
and second terminals.

The regulator circuit of claim 1, wherein the at least one main current carrying
cold-cathode field emission electron tube comprises a pair of back-to-back
connected cold-cathode field emission electron tubes.

The regulator circuit of claim 3, wherein the back-to-back connected cold-
cathode field emission electron tubes each has main current-carrying
electrodes of concentric cylindrical geometry.

The regulator circuit of claim 1, wherein the at least one main current carrying

cold-cathode field emission electron tube comprises a single cold-cathode field

emission electron tube having first and second cathanodes and respectively
associated first and second control grids.

The regulator circuit of claim 5, wherein the single cold-cathode field emission

electron tube has cathanodes of concentric cylindrical geometry.

The regulator circuit of claim 1, wherein the bidirectional current-regulating

circuit is designed to regulate current between said first and second terminals

to a zero value in a continuous analog function when desired, through

adjusting the amount of current in said at least one main-current carrying cold-
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cathode field emission electron tube, so that it can be used as a circuit

breaker.

8. The regulator circuit of claim 1, further comprising an adjustable voltage-

clamping circuit interposed between the first and second terminals; the

voltage-clamping circuit comprising:

a)

b)

a bidirectional voltage clamp including at least one cold-cathode field
emission electron tube; the bidirectional voltage clamp having an
adjustable threshold operating voltage; first and second control grids
associated with the at least one cold-cathode field emission electron tube
and receptive of respective control signals for modulating voltage in a
main current-conducting path between the first and second terminals; and
a circuit for biasing the voltage clamp via said first and second control
grids to set said adjustable threshold operating voltage.

9. The regulator circuit of claim 8, further comprising:

a)

c)

one or more low pass filters for suppression of voltage transients, on said
main current-conducting path, below said threshold operating voltage of
said regulator circuit;

each low pass filter comprising a ferrite filter sleeve placed on a first
conductor of the filter and fitted into a surrounding tubular second
conductor of the filter; the second conductor being electrically grounded;
and

the ferrite sleeve forming an inner plate of a capacitor and the second
conductor forming the outer plate of said capacitor.

10. A method of using the regulator circuit of claim 1, comprising the steps of:

a)

b)

interposing the bidirectional current-regulating circuit in a current-carrying
conductor of an electrical power grid; and

configuring the bidirectional current-regulating circuit to remove an over-
current condition in the electrical power grid.

11. A method of using the regulator circuit of claim 1, comprising the steps of:

a)

b)

c)

interposing the bidirectional current-regulating circuit in a current-carrying
conductor of an electrical power grid;

regulating the electrical power grid so that voltage on electrical
transmission lines is approximately constant; and

configuring the bidirectional current-regulating circuit to control the flow of
power through said current-carrying conductor.

12. A method of using the regulator circuit of claim 1, comprising the steps of:

90949271
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a) interposing the bidirectional current-regulating circuit in a ground leg of a
Wye-connected winding of electrical equipment of an electrical power
grid;

b) providing a DC — AC differentiator circuit for discriminating between AC and
DC or pseudo-DC signals in said ground leg and for generating a control
signal to cause current regulator function to be bypassed during the presence
of an undesirable AC transient signal; wherein the DC — AC differentiator
circuit enables a current regulator functionality in the presence of
geomagnetically-induced currents in said ground leg so as to prevent damage
to said electrical equipment.

Advanced Fusion Systems LLC
Patent Attorneys for the Applicant/Nominated Person

SPRUSON & FERGUSON
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