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(57) Abstract

A cryogenically cooled circuit (12), operating at temper-
atures at which inductors windings (L1) of the circuit exhibit
superconducting characteristics, provides unique advantages in
high performance, preferably high power circuits. Portions of
the circuit (or the entire circuit), as opposed to, for example only
the superconducting elements (i.c., inductor winding (216)), are
refrigerated to cryogenic temperatures. Advantages in the char-
acteristics of not only the superconducting based components
but also the diodes, and gating elements such as MOSFET’s
(208-213), yield a uniquely advantageous circuit enabling the
operation of, for example, a switching power supplies, fre-

quency converters, and motor speed controllers with increased performance and efficiency. Size, component count, and stability are
benefits attained by cryogenically cooling the entire circuit configuration. Cryogenically-cooled solid-state contacting switches may be
utilized for connecting/disconnecting AC and/or DC power between the high performance circuit and a source/load.
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CRYOGENIC ELECTRONICS POWER SUPPLY
Field of the Invention

The invention relates generally to large capacity
power supply, amplifier, and motor controller methods and
apparatus and in particular to large capacity, reduced
size supply methods and apparatus employing cryogenic
cooling.

Backaround of the Invention

Both before and since the advent of high
temperature superconductors, many investigators have
analyzed and experimented to determine the operating
characteristics of circuit components at low
temperatures. In particular, the operation of MOSFET's,
superconducting inductors, and cryocooled capacitors have
been examined and thermal models have been developed for
these components. For example, power MOSFET’s have been
operated at temperatures of 77°K, and, significant
advantages have been noted, such as a reduction of the
on-resistance of the MOSFET’s by as much as a factor of
30, at 77°K. Nevertheless, researchers have not
considered the advantages of cryogenically cooled
components operating together in a circuit configuration,
for example, because of the refrigeration cost associated
with cryogenically cooled electronics. However,
cryocooled electronics have been considered for enhanced
noise performance of amplifiers, and to speed up computer
circuitry.

As will be described in more detail below, one
particularly advantageous use of cryogenically cooled
electronics is in high power, switching, power supplies.
To understand those advantages in more detail, however, a
brief discussion of the limitations of such power
supplies operating at room temperature needs to be
considered. Switch mode amplifiers, regulated power
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supplies, and frequency converters became a reality with
the introduction of high speed power silicon devices.
The main advantages of these switch mode applications is
that, at least for ideal devices, the only losses
involved are the saturation losses of the power devices
in the forward direction. These losses are very low
compared to the losses sustained in linear regulation or
amplification devices; and these low losses have allowed
the physical size of regulated power supplies to be
reduced considerably.

For example, a linearly-regulated, three voltage,
200 watt power supply was typically over a cubic foot in
volume, contained a heavy and expensive power transformer
with its associated filtering components, and required
approximately 200 watts of dissipation capacity in the
active devices. In the newer switch mode versions of
these 200 watt power supplies, which appear in nearly
every personal computer, the volume of the supply has
been reduced between ten and fifteen times, with
comparable reductions in weight, power requirements, and
cost.

In accordance with the prior art, the typical
method used to obtain these size reductions has been to
replace conventional power frequency components with
significantly smaller filter and active components which
operate at 300 to 30,000 times the frequency of the older
power supplies. The power-speed product of the active
devices, and the thermal limitations of the filter
components, has slowed progress in the design of these
switching mode devices. The most common power supply
sizes range from a few watts (20-800 KHz) through a few
kilowatts (18-35 KHz) to the less common 5-50KW (5-20
KHZ). While very large single module amplifiers and
supplies have been built (50 KW (5-20 KHz)), they are

rare.
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There are very few switching mode power supply
designs which operate above these speed-power levels,
unless the design is based on integrating multiple small
modules, or using multiple active devices at lower
frequencies with multiple passive components of smaller
rating to limit the thermal problems. In general, the
component losses scale at least linearly with the
frequency of operation, therefore, very high power
density designs, operating at high frequency, are limited
to a low power output or use aggressive cooling
strategies. These losses are often dominated by the
switching losses in the power devices.

Referring to Figures 1 and 2, in a typical prior
art switch mode power supply design, (and a simple
design), a so-called non-isolated Buck converter has a DC
input voltage V,, a DC output voltage V_,. , an active
switching device illustrated as an NPN transistor, Q, a
rectifying diode D;, a series inductor L,, a capacitor C,,
and a resistive load R. The output of this switching
power supply is described by the equation:

Vout = (E/T)V, = kV, (Equation 1)

where "k" is the duty cycle. The voltage and current
across the inductor L, is illustrated in Figure 2.
Referring to Figure 3, in other architectures for
amplifiers, power supplies and frequency convertors, the
next level of complexity comes by adding a second
inductor L,, and isolating the input from the output
using a capacitor. This is often done when an output
voltage polarity different from an input voltage polarity
is required. Referring to Figure 3, the addition of the
second reactive element L, makes it possible, by
isolating the input and output, to provide an output .
voltage having a different polarity than the input.
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Here, the active device Q, is operated in a shunt mode.
The operation of the power supply of Figure 3 is more
complex than the power supply of Figure 1, and is
detailed in Hnatnek, "Design of Solid State Power
Supplies", Third Edition, 1989, Van Nostrand Rheinhold,
at pages 160 and following. The DC isolation is provided
by capacitor €, and the drive to the base of the active
device Q; turns the transistor hard on for a time t with
a period T. When Q; turns on, a voltage V, is developed
across L, and the current in L, begins to rise at a rate
of V,/L,. When Q; turns off, the current L, continues to
flow into C, through the rectifier D,. Eventually
capacitor C, charges to a constant voltage V.. The
equations which describe the on and off operation of the
circuit are given in two pairs below. Equations 2 and 3
describe the operation when Q; is on and the equations 4
and 5 describe the operation when Q; is off.

vV, = L, dI,/dt (Equation 2)
Ve = L, dI,/dt + IRy (Equation 3)
vV, - Vo = L, dI,/dt (Equation 4)
0 = L, dI,/dt + IRy (Equation 5)

In order to obtain reasonably ripple-free output
from the circuit of Figure 3, and the ability to obtain a
negative output voltage, the values of the inductors L,
and L, must be large. Thus, the circuit of Figure 3
requires large inductors and capacitors for proper
operation of the circuit where high power is to be
provided. When the power supplies‘of Figures 1 and 3 are
operated in a low power environment, the component values
are typically kept small, the loss is tolerated, and the
frequency of operation (1/T) is raised to as high a value
as possible. In high power circuits, this is not usually
an option without substantially increasing the component
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count and developing strategies for removing the heat
from both the capacitors and the inductors. As a result,
very high power circuits often use a multiphase strategy
based on phase shifting a multiplicity of 3-phase
circuits and combining them at the end without filter
components. This eliminates many component constraints
but does not address the problems of line noise or high
frequency noise on the output due to switching

transients.

Thus, as the power output of the switch mode power
supply increases, one runs into severe "component
constraints" as are detailed in Hnatnek, referred to
above. The components of a power supply such as those
described in Figures 1 and 3, are subject to very high
electrical stress; and in particular, the components
subject to the most stress are the switching transistor,
the diode, and the coupling or filter capacitors.

It is therefore an object of the invention to
provide circuitry, for example, rectifiers and inverters,
used in a power supply circuit which can produce
substantial power, on the order of greater than 100 watts
and as much as, for example, 50 kilowatts or more, which
is reliable, which has a substantially reduced size,
which reduces stress on the components being employed,
and which delivers substantially improved performance
using high temperature superconductor inductors. A
further object of the invention is a power supply,
especially in larger sizes, which is considerably less
expensive than a supply based on conventional technology.

Summary of the Invention

The invention features high performance circuitry
which delivers power or sinks power of typically more
than 100 watts, by embedding an electrical circuit
containing a superconducting inductor in a cryogenically
cooled environment. The circuit includes both an
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inductor or transformer winding having a superconducting
material and other circuit components, all connected in a
selected circuit configuration. The circuit is
cryogenically cooled to a temperature at which the
winding(s) exhibits superconductivity. Power is provided
to the circuit configuration which then operates to
generate (or sink) output power. Preferably, the method
further includes the step of chopping or gating the input
power at a frequency in excess of 500 Hertz and of
providing an output power level of greater than 50
kilowatts.

In one aspect of the invention, a high performance
circuit includes at least one inductor winding composed
of a high temperature superconducting material, a power
supply circuit including at least one of a MOSFET,
bipolar IGFET, GTO or other power device in circuit
configuration with the inductor winding, a refrigeration
apparatus for cryogenically cooling the supply circuit to
a temperature wherein the inductor winding exhibits
superconducting characteristics, and input/output
connections for applying power to and taking power from
the supply circuit. The power supply circuit generally
provides at least 100 watts of power.

The power supply circuit may be any of a variety
of circuits including DC-DC converter circuits (for
example, Buck or Cuk converters), rectifiers (for
example, half-bridge or full-bridge rectifiers) or
inverters. The circuits may be single phase or polyphase
power supply circuits. The input output means may
include electrical bus interconnections fabricated from
high temperature superconductor.

In other aspects, the high performance circuit is
a frequency converter or a motor speed controller circuit
including, for example, those having a rectifier and
inverter in an AC-DC-AC interconnection.
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In another aspect of the invention, a high
performance circuit includes a plurality of circuit
elements in a circuit configuration including at least
one inductor winding composed of a high temperature
superconductivity material, input/output means for
supplying power to the circuit and receiving power from
the circuit, the input output/means including at least
one contacting switch for connecting/disconnecting power
from a source and/or load, and refrigeration means for
cryogenically cooling the contacting switch and the
inductor winding to a temperature wherein the inductor
winding exhibits superconducting characteristics.

In preferred embodiments, the invention may
include one or more of the following features. The
contacting switch may be either an AC or DC contacting
switch. The circuit elements includes at least one of a
MOSFET, bipolar IGFET, GTO or other power device in
circuit configuration with the inductor winding and may
be interconnected by an electrical bus comprised of high
temperature superconductor.

The high performance circuits may be used to build
switch mode amplifiers, regulated power supplies, phase
shifters, gyrators, or motor starter controllers.
Depending on the constraints of the design, one, many, or
all of the components can be operated at reduced
temperatures.

Other objects, features, and advantages of the
invention will be apparent from the following description
taken together with the drawings in which:

Brief Description of the Drawings

Figure 1 is a circuit diagram of a simple
switching mode power supply circuit known as a Buck

converter;
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Figures 2A-2B are representations of voltages and
currents, respectively, in the circuit of Figure 1 during
normal operations;

Figure 3 is a circuit diagram of a Cuk converter;

Figure 4 is a schematic representation of a
circuit configuration in accordance with a preferred
embodiment of the invention;

Figure 5 is a circuit diagram of a half-bridge
rectifier circuit;

Figure 6 is a circuit diagram of an alternate
version of a half-bridge rectifier circuit;

Figure 7 is a circuit diagram of a full-bridge
rectifier circuit;

Figure 8 is a schematic diagram of a cryogenic
conversion module in accordance with the present
invention;

Figure 9 is a schematic diagram of an AC
contacting switch; and

Figure 10 is a block diagram of a cryogenically
cooled DC contacting switch used in conjunction with a
high performance circuit.

In accordance with the invention, referring to
Figure 4, a high performance electronic circuitry 10 is
cryogenically cooled in a refrigeration device 12. The
refrigeration equipment is provided in section 14 of the
refrigeration device and the circuitry 10 is contained in
a refrigeration compartment 16. Connections for
interfacing power to the circuitry 10 are provided over
lines 18 and connections for receiving or sinking power
from or to the circuitry are provided over lines 20 which
are connected to a load 22. A power source 24, connected
to lines 18, can be, for example, a DC or AC power source
depending upon the circuit configuration and function of

circuitry 10.
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The advantages of cryogenically cooling circuitry
10 entirely are not obvious to one practiced in the art.
In particular, to cryogenically cool an entire circuit
requires substantial refrigeration capacity and the cost
of that refrigeration capacity, the refrigeration
penalty, must be overcome. Thus, from an efficiency
point of view, there must be a good reason to pay the
refrigeration penalty in the design of such a power
generating system. However, "reason" for justifying the
expense for amplifiers, motor controllers, and power
supplies whose output power exceeds 50 kilowatts is
clear, if it is assumed that the refrigerator is
operating at 77°K and has an overall thermal efficiency
greater than or about 2.4%. For a typical commercially
available cryocooler (for example, Model No. UCH150,
Balzers U.S., Hudson N.H.), 6.5 kilowatts of input power
produces 150 watts of cooling at 77°K, at about 2.4%
overall efficiency.

For a typical 50 kilowatt switching power supply,
operating at 85% overall efficiency at room temperature,
the power dissipation may be 8.8 kilowatts. If one were
able to improve the efficiency to 99.7%, due to cryogenic
cooling of all of the components of the power supply and
the provision of high temperature superconducting
inductors, then only 150 watts of heat would need to be
removed through the refrigeration system. Assuming a
2.4% efficient refrigeration system, this would require
an input refrigeration power of 6.5 kilowatts which
represents a net savings of 2.3 KW, from solely an energy
viewpoint.

Instead of cooling all of the circuitry, one may
decide to cool only some of the components such as the
superconducting inductors and filter capacitors. An
example of this would be a 600 Volt, 15A, 9 KW power
supply operating at 13 KHz with 350 watts of loss, most
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of it in the switching losses of the devices. A.W. Green
and J.T. Boys teach that the switching losses in the
active devices dominate the design; and these losses
increase linearly with frequency. If the designer wished
to minimize cost with a ten times scale up in output
power, of the design, at the same voltage, one might
consider reducing the frequency of operation by a factor
of ten, keeping the power dissipation rating of the
devices approximately the same and scaling up the size of
the filter components so that Lygy Cygy €duals
approximately 100 Lo p Corp-

If conventional technology were used, this would
not be an appropriate approach. Consider the following
two extremes. The original design used L, , equal to
approximately 10 mH and Cy, equal to approximately 2 mF.
Both the inductor and filter capacitor must have low
losses when subject to high AC currents at the operating
frequency, and harmonics thereof. Therefore, high cost
oil or other low loss filter capacitors may be needed.
For example, if oil filled, 50 microfarad, 1KV capacitors
are used, 40 would be required in the original design.

If the inductor is kept the same, then 100 times as many
capacitors are required. This is an impractical number.
Conversely, if the capacitor value is kept the same, then
the inductor must scale to one hundred times its original
value. A 1H copper and ferrite or air core choke
operating with 150 Amps of current flow, weighs several
tons. However, the high temperature superconductor
equivalent inductor weighs approximately 30 kg. If a
100kg, 2 KW input power refrigerator is added, the
weight, cost savings, and energy savings are substantial.

Just as important, however, as the energy balance
and related cost consideration, is the ability to control
size (volume) in power supplies such as those having an
output power greater than 50 kilowatts. 1In practice,
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this has been very difficult to accomplish since the size
of the components, in particular the inductive
components, tends to grow in volume, at least linearly,
in proportion to the output power. As a result, the
ability to substitute an inductive coil having
superconducting characteristics for the typical copper
based coil provides significant advantages. Further, as
is well described in the literature, with regard to
individual electronic components, other significant
advantages have been noted in other circuit components by
operating them in a cryogenic environment.

Considering, in particular, the inductors used in
a switching power supply, it is known that to ensure
continuous current in inductor L, (in Figure 3) there
must be a certain minimum size to ensure stable operation
with good regulation. The output current I,, in
particular, must be larger than half of the AC current
flowing in inductor L, and this can be accomplished by
making the value of L, satisfy the equation:

Lo>(1/2fp;n) (Vout/Tomin) (1-Kpax (Vemin/Vimax) ) (Equation 6)

In this equation £ ;, is the minimum operating
frequency for the converter. Thus, high voltage, low
frequency power supplies require the largest inductors to
operate correctly, and since L, has a DC current in, for
example, the application of Figure 3, an air gap is
required in a copper based design having a magnetic core.

Further, a major constraint on the core is to
limit the temperature rise in it because of the
relatively low Curie temperature, about 200°C, which
limits the maximum operating temperature of the core to
about 100°C. While modern insulation technology allows
the transformer or inductor winding to operate at higher
temperatures, the ferrite cores, or their lower loss
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equivalents, cannot operate at the temperatures
compatible with the insulation. Thus, the larger the
inductor, the larger the problem since the volumetric
heat generation is a constant while the surface area of
the inductor, from which the heat is rejected, does not
scale linearly with the volume. Thus core losses
generally limit current densities in the winding to less
than the 200 amperes per square centimeter, and may force
air core designs or special forced cooling in larger
systems.

Further, with regard to the use of capacitors in
the circuitry 10, the AC component of the output must
flow through the capacitor in, for example, the circuit
of Figure 3. This current increases with frequency since
for a capacitor:

i = C dv/dt (Equation 7)

Since capacitors are not lossless when current
flows through them, they suffer from high power
dissipation. This is in addition to the leakage losses.
There is also a peak current limitation for capacitors.
Therefore, the advantages of using cryocooled, low-loss,
high-current, capacitors, is substantial.

Accordingly, therefore, referring to the converter
of Figure 3 as a typical example, substantial advantages
can be obtained by cryogenically cooling the entire power
supply circuit. By making the inductor windings of
materials which exhibit superconducting characteristics
at 77°K, by making the capacitor of a specially
formulated cryogenic, low loss, dielectric material, and
by obtaining the advantages of cryogenically cooled
MOSFET'’s and didédes, there can result the following
substantial advantages. First, cooling the MOSFET
provides for a faster operating device (because of the
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higher mobility within the semiconductor, and possibly,
in a redesigned device, the ability to operate at higher
voltages (because of the control of parasitic voltages
and freezeout of the breakdown mechanism), the ability to
operate at higher current densities in part because the
mobility is higher and current flow is more uniform, and
because a lower voltage can be placed across the MOSFET
junction. The active devices may also operate with
better performance under fault conditions since I%t is
enhanced at low temperatures.

Similar advantages result when a cryogenic
capacitor is used. 1In particular, a cryogenically cooled
capacitor provides for greater voltage breakdown ratings,
smaller AC loss, and greater energy density. Moreover,
the probability of thermally induced failure decreases
markedly in cryogenic capacitors due to the low
temperature, hence, operating lifetime of the dielectric
is prolonged. '

The inductor containing devices, which can also be
transformers, need not operate at as high a frequency
when superconducting materials are used. Typically, in a
high output power supply, in which a DC voltage input is
converted to a DC output (as in the circuit configuration
of Figure 3), a relatively small storage inductor and a
very high speed, pulse width modulated switch is used to
produce a pulsed DC. A high frequency filter then
provides a variable amplitude DC, the amplitude depending
upon the switching pattern. While the high frequencies
reduce the energy stored in and the size of the coil,
there is difficulty in providing high frequency, high
power switching devices. Further, the heat dissipation
due to the high frequency dielectric losses in the
capacitor and required high currents is substantial.
Using a coil containing device where the winding is a
superconducting material thus has the advantage of
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allowing a lower modulation frequency to be used while
keeping the coil sufficiently small since it does not
have the concomitant difficulties of a copper based
inductor. 1In particular, for example, a copper based
coil has a skin effect so that the penetration depth is
inversely proportional to the square root of frequency.
Thus, a wire cannot be made small enough, when operating
in the 600 KHz range, to fully utilize the entire volume
of the wire. The superconducting inductor can thus be
used to allow the power supply to operate at a lower
frequency while providing power. The substantially sole
issue is how to get the thermal dissipated power out of
the power supply and, as noted above, this can be
achieved, economically, for power supplies above about 50
kilowatts by using the already available cooling or
refrigeration system. For lower output power supplies,
the economics based from a solely energy point-of-view
are not strong, however, the smaller size which can be
obtained is significant.

The circuits of Figures 1 and 3 represent basic
single quadrant chopper circuits which are limited to
only allowing power to flow from the supply to the load.
Such choppers can be combined to form a half-bridge (two-
quadrant chopper), such as those shown in Figures 5 and
6. In a half-bridge the load current is either positive
or negative and the circuit may be operated either as
single phase rectifiers or inverters. Referring to
Figure 7, combining a pair of two-quadrant choppers (for
example, as shown in Figure 5) can provide a four-
quadrant chopper which can serve as the basis for a
single-phase full-bridge inverter. The operation of the
power supply circuits of Figures 5-7 are detailed in M.H.
Rashid, "Power Electronics Circuits, Devices and
Applications, 2nd Edition, 1993, Prentice Hall, at pages
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303-316 and 356-361. These circuits can also be
cryocooled to achieve substantial operating advantages.

The concept of cryogenically cooling the entire
circuit configuration is also applicable in polyphase
applications, particularly high power polyphase switching
conversion circuits.

Polyphase power systems are more attractive in
high power applications (e.g., utility, adjustable speed
motor drives) than single phase systems for a number of
reasons. For example, unlike single-phase power, the
instantaneous power of three phase (or any balanced
polyphase system) is constant. Moreover, the output
voltage of a polyphase rectifier is smoother than that of
single-phase rectifiers when no filter is used with
either. The utilization of transformers and other
associated equipment is also improved in polyphase
circuits over those with single-phase circuits, and
generally results in improved power factor and reduced
harmonic distortion.

However, the improved performance of polyphase
systems comes at the price of increased complexity. With
polyphase rectification, for example, the commutation
intervals are considerably more complex and cannot be
solely determined on the basis of polarity of the input
voltage. Instead, the rectifier commutation points occur
at intervals determined by the transitions at which a
particular phase voltage becomes most positive or most
negative with respect to the other input phases. The
complexity increases when considering, for example, 48
pulse (24 phase) rectification which is commonly employed
to reduce output ripple in the rectified DC voltage.

For example, referring to Fig. 8, a cryogenic
power conversion module 200 includes a three-phase AC/DC
rectifier 202, which may be a synchronous rectifier,
coupled to a three-phase inverter 204 through a DC
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chopper circuit 206. Three-phase AC power provided to
module 200 is rectified to a DC signal and then stepped
down through DC chopper 206 and filtered before being
reconverted back to an AC signal with a desired voltage
(Va), current (I,), frequency (F,, e.g., 60 Hz), and phase
characteristic (e,). Rectifier 202, inverter 204, and DC
chopper 206 are all cooled to a temperature of less than
120°K, and preferably about 77°K, using a cryogenic
refrigeration unit 207. Power module 200 is particularly
suitable for use in adjustable speed drives (ASDs) or
applications where the AC source supply has a variable
amplitude and/or frequency characteristic.

Rectifier circuit 202 receives three AC waveforms
of approximately 120 volts each from, for example, the
secondary of a transformer. The voltages have a
differential phase of 120° from each other with the
interphase voltage being 208 volts. Rectification of the
AC signals is provided using six MOSFET switching devices
208-213 configured in a "full-wave" commutation switching
arrangement with each MOSFET device conducting for % of
the full wave cycle (i.e., 120 degrees). In high power
applications, each MOSFET switching device 208-213 may
represent a number of individual MOSFET devices connected
in parallel. An integrated circuit driver (not shown),
for example, Model No. IR2130, International Rectifier
Ccorp., El Segundo, CA serves as a voltage and current
buffer between a control circuit and the individual
MOSFETs 208-213, and also generates the drive signals,
provided to the gate electrodes of the MOSFETs, necessary
to switch the MOSFETs between on and off states. MOSFETS
208-213 conduct in pairs for six distinct time intervals
of commutation so as to provide to DC chopper circuit 206
an output voltage waveform approximating a DC output
level of 300 volts at 200 amps continuous, yielding a
total output power of 60 kilowatts. The switching
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intervals and generation of the resultant output voltage
waveform from rectifier 202 as well as a well-suited
galvanically isolated control circuit for generating
control signals for rectifier 202 are detailed in
application Serial No. 08/288,080, assigned to the owner
of the present invention and hereby incorporated by
reference.

MOSFETs 208-213 are, for example, commercially
available high voltage (600V) n-channel MOSFETs (Model
No. ATP6030BN, available from Advanced Power Technology,
Bend, OR) having a maximum current rating of 23A. It has
been observed that certain MOSFET devices exhibit
significantly improved thermal and electrical properties
when operated at cryogenic temperatures (See U.S.
5,126,830, Mueller et al). For example, the thermal
conductivity of semiconductor materials (e.g., silicon,
germanium, and GaAs) can increase by factors of from 5-10
times when cooled to a temperature of 77°K. (This
phenomena has also been observed with certain substrate
materials, for example, beryllium oxide). As a result,
the internal junction temperatures of the MOSFET devices
are significantly reduced. Moreover, MOSFETs having low-
doped silicon drain-drift regions (such as the Model
APT6030BN device) have significantly increased electron
and hole mobilities at cryogenic temperatures. Thus, the
on-resistance (i.e, the drain to source resistance) of
such high voltage MOSFETs decreases by a factor from 10-
30 in the rated current range. MOSFETs also have the
important characteristic of not having an intrinsic
drain-source on-state threshold voltage. The on-
resistance and voltage drop across the MOSFET can,
therefore, be made arbitrarily small by using a number of
MOSFET devices connected in parallel.

Each MOSFET device 208-213 includes a built-in
drain-source diode 215 provided intrinsically in the
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fabrication of the MOSFET device. In the cooled
condition, the MOSFET device with intrinsic drain source
diode behaves like a FREDFET™ (fast recovery epitaxial
diode FET) and provides an important advantage in the
operation of synchronous rectifier 202 or inverter 204
(Fig. 7). Commercially available high current, high
voltage rectifier diodes are notoriously slow. For
example, a 400V, 1600A device typically exhibits a
recovery time of five microseconds compared with a
typical 20 nanosecond fast recovery device available for
low current signals. In the event that one or more of
MOSFET devices 208-213 fails to switch (due to problems
with the driver, its control circuit or the MOSFET
itself) diode 215 provides rectification of the AC
current passing through the device. 1In effect, diode 215
serves as a "back up" rectifier for the switching MOSFET,
albeit, with a higher loss. A diode serving this purpose
is generally required to be added externally for other
types of devices (for example, IGBTs, GTOs, thyristor
diodes) used in high power rectifier circuits.
Cryogenically cooling the MOSFET devices
dramatically reduces the reverse recovery time of drain
source diode 215, and as noted below, provides other
substantial benefits. It is important to note that in
synchronous rectification the intrinsic diode of the
MOSFET is not used and plays no direct role in the
operation of the MOSFET. It is generally desired that
the built-in drain-source diode 215 never be used because
of its slow switching speed, particularly in a 300°K
operating device. However, if the MOSFET fails to
switch, when cooled to 77°K, the slow switching of the
intrinsic diodes is increased due to the increase in its
carrier mobility as a result of cooling. Operating the
MOSFET at cryogenic temperatures helps to insure that in
normal operation the intrinsic diode does not conduct.



10

15

20

25

30

35

WO 96/24939

PCT/US96/01620

- 19 -

This is because the forward voltage of the intrinsic
drain source diode at 77°K is greater than the forward
voltage exhibited at 25°C. An additional benefit of
cryogenic operation of the MOSFET is an effective
extension of the safe operating area (SOA) characteristic
of the device due to the reduction of power dissipation
in the MOSFET at a specified drain current achieved by
cooling the device. High pulse power throughput can be
sustained by the cooled MOSFET without reaching those
junction temperatures which may result in damaging the
device.

The DC approximated waveform generated by
rectifier 202 is received by DC chopper circuit 206 which
is configured to have a half-bridge topology, similar to
that shown in Fig. 5, and which operates as a Buck
Regulator (Fig.1l). Chopper circuit 206 steps-down the
fixed voltage DC output of 300 volts from rectifier 202
to a lower but variable DC voltage, an advantage in
certain motor drive applications as will be described
below. The operation of chopper 206 can be divided into
two modes. Mode 1 begins when a switching transistor 214
(shown as a MOSFET) of the chopper circuit is switched
on, with a switching transistor 220 (also shown as a
MOSFET) switched off. 1In mode 1, the input current rises
and flows through a filter coil 216, a filter capacitor
218 and three-phase inverter 204. Mode 2 begins when
transistor 214 is switched off, and following a short
delay time, transistor 220 is switched on to allow
current to continue to flow through coil 216, capacitor
218, and inverter 204. It is important that the delay
time be minimized to prevent excessive power dissipation
in the intrinsic diode 221 of transistor 220. The
current through coil 216 falls until transistor 214 is
switched on again in the next cycle. Before returning to
mode 1, another short delay is required after transistor
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220 is switched off and transistor 214 is switched back
on. Generally, the switching frequency is desired to be
as high as possible, for example, greater than 10 KHz, to
reduce the load ripple current and to minimize the size
of the coil in the load circuit.

Because transistors 214, 220 in DC chopper circuit
206 are MOSFET devices, many of the advantages previously
described above in conjunction with MOSFETs 201-213 are
applicable in this circuit as well when it is
cryogenically cooled. Particularly, these devices, when
cooled, provide reduced power dissipation, as compared to
the losses normally incurred with the use of a
conventional freewheeling diode during mode 2. Moreover,
the reverse recovery time of the intrinsic diode 221 is
reduced due to cooling, thus, resulting in reduced turn-
on losses in transistor 214 at the onset of mode 1.

In order to reduce the relatively large IR losses
and the IR voltage drop in its windings, coil 216 is
fabricated from a high temperature superconducting
material and cryogenically cooled. Similarly, capacitor
218 may also be a cryogenic capacitor.

Three-phase inverter 204 is coupled to chopper 206
and serves to change the DC link of 300 volts to a 3-
phase 208 volt, 60 Hz AC output which may be provided,
for example, to an adjustable speed motor drive.

Inverter 204 has a topology generally the same as that of
the rectifier 202 including paralleled groups of MOSFETs
222-227 operated at cryogenic temperatures, for example,
77°K. As was the case with the MOSFETs of the three-
phase rectifier 202 each MOSFET 222-227 includes an
intrinsic diode acting as a fast recovery surrogate for
the external diode required when IGBT devices are used.
Pulse-width-modulation (PWM) control signals are
generated by, for example, a driver circuit, like the one
used for generating drive signals for three-phase
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rectifier 202 in response to a phase locked oscillator.
Alternatively, a microcontroller programmed to provide
the necessary switching sequence of MOSFETs 222-227 may
be used to provide low level control signals to drive
MOSFETs 222-227.

The ability of DC chopper circuit 206 to adjust
the DC output from rectifier 202 is an important feature
of the cryogenic conversion module 200, particularly in
high horsepower induction motor drive applications. 1In
such applications, if the motor is desired to be operated
at a speed below its full rating and the DC voltage
applied to inverter 204 is fixed, both the AC output
frequency of inverter 204 and the AC output voltage
amplitude must be simultaneously lowered with the ratio
of the voltage and frequency being maintained constant.
This operation is commonly referred to as volts/hertz
control. Modulating the amplitude in this way, however,
has severe drawbacks. First, the frequency has to be
varied over a relatively broad range to vary the speed
appreciatively. Furthermore, as the speed of the motor
decreases, the duty cycle of the pulse-width~-modulation
must likewise decrease making it increasingly difficult
to maintain a smooth sinusoidal output from the inverter
due to generation of harmonics. Increased filtering
generally is required to reduce the harmonic output.
Adjusting the DC voltage level, however, allows the
amplitude of voltage waveform to be modulated with the
pulse width modulation index kept constant thereby
preserving low harmonic distortion and effectiveness of
the filters.

Another significant advantage of the cryogenic
power conversion module 200 is its ability to be operated
in reverse. Once again, because inverter 204 has a four
guadrant topology, it is capable of not only generating
three phase AC power, as described above, but can
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receive, for example, regenerative power from the motor
and return it to the DC link and/or the AC source. This
feature provides significant energy savings, for example,
in transportation systems where braking of a high
horsepower motor in an electric train regenerates power.
As is well known in the art, recovering the energy in
this way, is preferable to dissipating the energy as
waste heat which is particularly undesirable in a
cryogenic environment.

Referring again to Fig.8, in applications where
particularly high levels of current are conveyed between
a source and load, electrical bus interconnections within
the cryogenic power module 200 may be fabricated
utilizing HTS conductor, thereby minimizing internal I%R
losses and IR drops. For example, busses 230, 232 which
connect the drain and source electrodes, respectively, of
MOSFETs 222-227, if fabricated from HTS conductor, can
appreciably reduce the internal loss within module 200.
Similarly, busses 234, 236 of rectifier 202 may also be
fabricated from HTS conductor.

In a presently preferred embodiment, solid-state
electronic contactors 238 (shown as boxes in Fig. 8) for
disconnecting and connecting power from the source and/or
load are implemented using cryogenically cooled
semiconductor switching devices 240, 242, (e.g.,
MOSFETs). The solid-state contactors minimize losses and
improve the overall reliability of the system in which
the cryogenic module 220 is used. Contactors 238 replace
electrical/mechanical relays and switches which are
generally used to shut the system off, for example, to
provide maintenance and service to the system. The
contacts of such electrical/mechanical devices, due to
the mechanical movement of parts, over time, begin to
wear causing the ohmic resistance and, thus, the
temperature of the contact to increase. Eventually,
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arcing across the contact points may occur. Replacing
the electrical/mechanical devices with cryogenically-
cooled solid-state contactors dramatically increases the
reliability of the module and provides more accurate
control, if, for example, current is applied gradually or
in stepped fashion.

Referring to Fig. 9, an exemplary solid-state AC
contactor 238a includes a pair of MOSFET switching
devices 240, 242 having their respective source 240a,
242a and gate electrodes 240b, 242b coupled together.
Increasing the gate to source voltage (Vgs) at the gate
electrodes turns the switch on allowing current to pass
through the contactor. 1In fact, the electrical
performance of contactor 238a is significantly enhanced
at cryogenic temperatures due to the reduced on-
resistance of the MOSFET devices. For example, at room
temperature, during each half cycle of the AC signal, one
MOSFET conducts with some current flowing through the
intrinsic diode of the other MOSFET due to its relatively
lower forward drop voltage. On the other hand, at
cryogenic temperatures, the forward voltage of the
intrinsic diodes 240c, 242c, associated with each MOSFET
240, 242, is greater than the voltage drop across the
associated MOSFET due to the drop in on-resistance of the
MOSFET at the lower temperature.

Referring to Fig. 10, a cryogenically- cooled
solid-state DC contactor 250 may also be used between a
DC source and a high performance circuit 252 ( e.g.,
power converters, rectifiers, inverters), described
above. The use of a solid state DC contactor as a
replacement for a mechanical switch is particularly
advantageous because, unlike switching an AC signal,
there is no zero crossing which can be sensed to reduce
switching loss in more complex circuitry.
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It is appreciated that any number of commercially
available MOSFET or static induction transistors (SITs)
may be substituted for MOSFETs 208-213 as described above
depending on the application and power levels involved.
However, IGBTs, GTOs, thyristors are unable to take
advantage of this feature because of their intrinsic on-
state voltage drop characteristics, and their
unidirectional conduction characteristics.

Cryogenic power conversion module 200 is cooled
within a dewar filled with liquid nitrogen. Although
liquid nitrogen is the preferred cryogen, for economic
reasons, any cryogenic fluid or mechanical cryo-
refrigerator can be used. Rectifier 202, inverter 204,
chopper 206, as well as associated driver and control
circuits are all immersed within the liquid nitrogen.
Components non-operational at cryogenic temperatures, for
example, a microcontroller for inverter 204, if used,
would be positioned external to the dewar. Generally,
the power conversion electronics require a relatively
small amount of additional space over that required for
the large superconducting inductor windings used as a DC
link and/or filter. The coupling medium can be
conduction cooling or gas cooling. Additionally, the
cryocooler may be used as a refluxer for a liquid
cryogen.

Other embodiments are within the scope of the
claims. For example, cryogenic cooling of the circuits
and components described above may be accomplished using
any of a variety of active refrigeration units or passive
cooling baths and, where necessary, may use any of a
variety of cooling liquids, in addition to liquid
nitrogen as described above. Other embodiments may use
liquid cryogens at temperatures other than 77°K or
utilize a multi-stage refrigerator wherein the
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superconducting components and silicon components (e.g.,
MOSFETs) are cooled at different temperatures.

Accordingly, there is described a method and
apparatus for providing high performance circuitry by
cryogenically cooling the entire circuit configuration.
The refrigeration penalty which must be paid is balanced
in high power devices by the reduction in power
dissipated by the same circuitry at room temperature, and
in the case of smaller output supplies, is balanced by
the ability to provide smaller size components. The
invention enables the generation of higher power in such
applications as battery chargers, welding power supplies,
electrochemical processing power supplies, induction
furnace supplies, switching and other types of power
supplies, power amplifiers, gyrators, frequency
converters, and motor starters and controllers. In
particular, note that the power amplifier can be used at
frequencies up to and including one megahertz which was
previously unavailable for the reasons noted previously.
In addition, in other applications, the AC source
voltage, DC link voltage, and inverter output voltage may
be larger in magnitude (e.g., 480 volts, 3 phase input,
650 volts DC link, and 480 volts AC output), the ratings
of the cryocooled MOSFETs and other component being
selected accordingly.

In a typical inductor coil, one can use BSCCO as
the superconducting material as has been well described
and documented in the art. A typical paper describing
the superconducting characteristics of BSCCO at 77 K is:
Malozemoff - Kiev conference, Applied Superconductivity
Conference. Similarly, in cryogenic capacitors, A,B,04
dielectrics may be tailored to have a peak dielectric
constant at low temperatures. William Lawless and C.
Fred Clark of Ceramphysics, for example, describe the
advantages and measurements, based on the use of Cpn-17
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as cryogenic dielectric material, for a high energy
density, pulse-mode capacitor. Other dielectrics
exhibiting stable and enhanced electrical performance at
cryogenic temperatures used in the fabrication of
capacitors include polypropylene, polyester (e.g.,
mylar™), and polyimide film (e.g., Kapton®, E.I. Dupont
de Nemours, Wilmington, DE).

Additions, subtractions, deletions and other
modifications of the described embodiment will be
apparent to those practiced in the field, and are within
the scope of the following claims.

What is claimed is:
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1. A high performance circuit comprising:

at least one inductor winding composed of a high
temperature superconductivity material and,

a power supply circuit including at least one of a
MOSFET, bipolar IGFET, GTO or other power device in
circuit configuration with said inductor winding,

refrigeration means for cryogenically cooling at
least the superconducting element of the supply circuit
to a temperature wherein said inductor winding exhibits
superconducting characteristics, and

input/output means for supplying power to said
circuit and receiving power from said circuit,

said circuit providing at least one hundred watts

of power to a load.

2. The high performance circuit of claim 1
wherein the power supply circuit is a rectifier circuit
for converting alternating current into direct current
and providing the direct current to said load.

3. The high performance circuit of claim 2
wherein the rectifier circuit is a half-bridge rectifier.

4. The high performance circuit power supply
circuit of claim 2 wherein the rectifier is a full-bridge

rectifier.

5. The high performance circuit of claim 2
wherein the rectifier is a polyphase switching rectifier
including a plurality of switching devices and said power
source applies to the polyphase switching rectifier a
plurality of alternating current input signals having a
differential phase shift relationship with respect to
each other.
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6. The high performance circuit of claim 5
wherein the differential phase shift between the
plurality of alternating current input signals is 120°.

7. The high performance circuit of claim 1
wherein the cryogenic cooling system cools the power
supply circuit.

8. The high performance circuit of claim 1
wherein said power supply circuit is an inverter circuit
for converting direct current into alternating current
and providing the alternating current to a load.

9. The high performance circuit of claim 8
wherein the inverter is a polyphase switching inverter
including a plurality of switching devices controlled to
generate polyphase AC output signals from a DC link
voltage, said AC output signals having a differential
phase shift relationship with respect to each other.

10. The high performance circuit of claim 9
further comprising:

a DC chopper; and

a filter circuit for generating from a DC chopper
output said DC link voltage, the DC link voltage provided
to the input of the polyphase switching inverter.

11. The high performance circuit of claim 10
further comprising a polyphase bridge rectifier coupled
to the input of the DC chopper.

12. The high performance circuit of claim 11
wherein the differential phase shift between the
plurality of alternating current input signals is 120°.

PCT/US96/01620
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13. The high performance circuit of claim 10
wherein the cryogenic cooling system cools the inverter
circuit, DC chopper, filter circuit and polyphase bridge
rectifier.

14. The high performance circuit of claim 1
wherein said power supply circuit and/or said input
output means include electrical bus interconnections
comprising high temperature superconductor.

15. A high performance circuit comprising:

at least one inductor winding composed of a high
temperature superconductivity material and,

a frequency converter including at least one of a
MOSFET, bipolar IGFET, GTO or other power device in
circuit configuration with said inductor winding,

refrigeration means for cryogenically cooling at
least the superconducting element of the supply circuit
to a temperature wherein said inductor winding exhibits
superconducting characteristics, and

input/output means for supplying power to said
circuit and receiving power from said circuit,

said circuit providing at least one hundred watts
of power to a load.

16. The high performance circuit of claim 15
wherein said frequency converter and/or said input output
means include electrical bus interconnections comprising
high temperature superconductor.

17. A high performance circuit comprising:
at least one inductor winding composed of a high
temperature superconductivity material and,
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a motor speed controller including at least one of
a MOSFET, bipolar IGFET, GTO or other power device in
circuit configuration with said inductor winding,

refrigeration means for cryogenically cooling at
least the superconducting element of the supply circuit
to a temperature wherein said inductor winding exhibits
superconducting characteristics, and

input/output means for supplying power to said
circuit and receiving power from said circuit,

said circuit providing at least one hundred watts
of power to a load.

18. A high performance circuit comprising:

a plurality of circuit elements in a circuit
configuration, said circuit elements including at least
one inductor winding composed of a high temperature
superconductivity material,

input/output means for supplying power to said
circuit and receiving power from said circuit, said input
output/means comprising at least one contacting switch
for connecting/disconnecting power from a source and/or
load, and

refrigeration means for cryogenically cooling said
at least one contacting switch and said at least one
inductor winding to a temperature wherein said inductor
winding exhibits superconducting characteristics.

19. The high performance circuit of claim 18
wherein said contacting switch connects/disconnects AC
power from a source and/or load.

20. The high performance circuit of claim 18
wherein said contacting switch connects/disconnects DC

power from a source and/or load.
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21. The high performance circuit of claim 18
wherein said plurality of circuit elements includes at
least one of a MOSFET, bipolar IGFET, GTO or other power
device in circuit configuration with said inductor

5 winding.

22. The high performance circuit of claim 18
further comprising electrical bus interconnections formed
of high temperatures superconductor between at least a
pair of said plurality of circuit elements.



WO 96/24939 PCT/US96/01620

1/4

y
O—eo— 0O
V+ >
/
LOAD
Your
7&
L V4
T LOAD
O—L —0
- Loy
I/+ VOUT S /L/-/LOAD
-~ .
3 g
~ N
N
T L7 _ =
<3
~ “
= Q
N S
~ / I /
7 ~ 7 >

FIlG. 24 FIlG. 2B

SUBSTITUTE SHEET (RULE 26)



WO 96/24939 PCT/US96/01620

2/4
[2 [/
9 —
[ U] < +-0
Vs | ¢ 7
— c—> our
7‘
= P”J gy p
- CONTROL ST6NAL LoAo
O—e— L N
FlG. 3
/-/Z
/4

- /57

20

FlG. 4

SUBSTHUTE SHEET (RULE 26)



WO 96/24939 PCT/US96/01620

3/4

e 240
240brl c 4

NI
7
.

l.

242c
24207 | | e
X242

et —
, a
' CRYOCOOLED |

DC HIGH |
| | CONTACTOR PERFORMANCE | O
| CIRCUIT |
! |
e - - - . _ _ _ _ 1

SUBSTITUTE SHEET (RULE 26)



PCT/US96/01620

WO 96/24939

4/4

RONIW_I L IWM.N L ommu 9£7 )
]y Nt ———
__ _ _ T ez 1l
(EEED | Iy (i
YOLOW O— LCT | 92¢ mNN“ p 81z “ 0zt | __ AR 4 _
NOILINANI o} ey H—o
Ol o |4 I T |1l stz 0
_ 1z | —0
I ELGT cee| ¢ oz |8t
. _
: |

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US96/01620

A.  CLASSIFICATION OF SUBJECT MATTER
IPC(6) :HOIB 12/00, HO3K 3/38, HOIF 36/00

US CL  :323/360, 222; 363/125; 505/869
According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED
Minimum documentation searched (classification system followed by classification symbols)

U.S. . 3237360, 222, 363/125; 505/869

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
US: 361/141, 143, 146, 147; 336/145, 147; 363/14, 37

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

APS, DIALOG

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US, A, 4,962, 54 (VISSER ET AL) 09 OCTOBER 1990, | 1-22

columns 1-8.
Y US, A, 5,146,383 (LOGAN) 08 SEPTEMBER 1992, Column]| 1-22

4, lines 45 +.

D Further documents are listed in the continuation of Box C. D See patent family annex.

. Special categories of cited documents: “T" later document published after the international filing date or priority
. aw . date and not in conflict with the application but cited to understand the
A document defining the general state of the art which is not considered principle or theory underlying the invention
to be of particular relevance
wpae : ; X" document of particular reievance; the claimed invention cannot be
E carlier document published on or after the international filing date constdered novet or cannot be considered to involve an inventive step
"Le document which may throw doubts on priority claim(s) or which is when the document is taken alone
cited to establish the publication date of another citation or other . . . . .
special reason (as specified) Y document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
"0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such doc such combination
means being obvious to a person skilled in the art
"P" °  document published prior to the international filing date but later than g~ document member of the same patent family
the prionity date claimed
Date of the actual completion of the international search Date of mailing of the international search report
20 MAY 1996 30 MAY 1996

Name and mailing address of the ISA/US Authoy4 er
Commissioner of Patents and Trademarks
Box PCT '
Washington, D.C. 20231 ADITYA XRISHNA ‘gﬂ/

Facsimile No. _ (703) 305-3230 Telephone No. (703) 308-1782
Form PCT/ISA/210 (second sheet)(July 1992)»




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

