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HIGH-TEMPERATURE SUPERCONDUCTING SWITCHES AND RECTIFIERS

1. Field of Invention

The present technology relates to superconducting electrical switches and rectifiers. The present
technology may particularly relate to electrical switches and rectifiers comprising components formed

from superconducting materials, especially high-temperature superconducting materials.

2. Background to the Invention

Superconducting circuits have a wide range of applications. Examples of applications for systems
including superconducting circuits include (and are not limited to): superconducting magnets; flux
pumps; fault current limiters; magnetic energy storage systems; space propulsion; nuclear fusion;
nuclear magnetic resonance (NMR); magnetic resonance imaging (MRI); levitation; water purification

and induction heating.

Many applications of superconducting circuits require, or benefit from, rectifying a current, i.e.
converting an alternating current (AC, a current which periodically reverses in direction) to a direct

current (DC, a current which flows only in one direction).

Rectifiers for superconducting circuits are known, but there is a need to provide improvements in
superconducting rectifiers, and/or parts of rectifiers such as switches, to reduce losses, provide higher

efficiencies compared to existing rectifiers and/or provide other benefits.

High-temperature superconductors (HTSs) have many applications including those listed above.
Advancements in the manufacturing process for HTS coated conductors (CCs) have led to the
development of wires which can carry a high current density at high magnetic fields. Coils wound from
these CCs have shown superior performance as high field magnets/inserts. CC coils also show promise in

many other applications, such as motors/generators, DC induction heaters and magnetic separators.

Although high current HTS coils are desirable and not difficult to manufacture, energising them typically
requires large and complex electronic current supplies, and thick current leads which must physically

transition between the room temperature and cryogenic temperature environments. This requires
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sophisticated thermal design and imposes a considerable heat penalty on the cryostat and cooling
system. It also incurs a significant voltage drop across the normal conducting circuit components,
necessitating a significantly higher-power supply than required solely to energise the superconducting

coil.

One approach to eliminate the detrimental metal current leads from magnet systems is by wirelessly
injecting a DC current into a closed-circuit HTS coil. This can be achieved through rectification of an AC
current induced in the HTS secondary windings of a current transformer. Such ‘induced DC currents’, can
be achieved using a type of device known as an HTS flux pump, and enable future HTS magnet systems

which are much more compact and flexible.

Existing HTS flux pumps use periodic activation of high frequency electromagnetic switches. However
these switches require separate independent power supplies and feedthroughs, which increase
complexity. Also the switches are located within the cryostat, such that heat is dissipated in the cold

environment, which adversely affects efficiency.

Flux pumps using low-temperature superconductors (LTSs) are known, including rectifier flux pumps.
However, HTSs may not be appropriate for use in systems designed for LTSs as there are significant
differences between HTSs and LTSs. For example, LTS materials typically have a low critical magnetic
field (of magnitude <1 T), but HTSs have upper critical fields of magnitudes of several tens of Tesla.
Some existing flux pumps rely on transitioning out of the superconducting state through the application
of temperature or magnetic field. It is not practically feasible in most applications to apply the strength
of magnetic field, or apply a fast enough thermal pulse, that would be necessary to transition a HTS out

of the superconducting state.

There is therefore a particular need to provide improvements in rectifiers, including rectifiers suitable
for use with HTSs (for example, in flux pumps), and/or parts of rectifiers such as switches, to reduce

losses, provide higher efficiencies compared to existing rectifiers and/or provide other benefits.
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3. Object of the Invention

It is an object of the technology to meet any one or more of the aforementioned advantages / needs by
providing an electrical switch comprising at least one component formed of a superconducting material
and/or by providing a rectifier comprising an electrical switch comprising at least one component

formed of a superconducting material. Alternatively, it is an object of the technology to at least provide

the public with a useful choice.

4. Summary of the Invention

According to one aspect of the technology there is provided an electrical switch comprising a length of
superconducting material. In some forms the electrical switch is configured to be controlled between a
low-resistance superconducting state and a higher-resistance superconducting state by the selective
application of a magnetic field to the length of superconducting material so that, in the higher-
resistance state, current flowing through the length of superconducting material approaches the critical
current of the length of superconducting material, is substantially equal to the critical current or is
greater than the critical current. In some forms, the length of superconducting material is a length of

high temperature superconducting material.

According to another aspect of the technology there is provided a rectifier configured to rectify an
alternating input current. The rectifier may comprise an electrical switch comprising a length of high
temperature superconducting (HTS) material configured to carry an alternating switch current, wherein
the length of HTS material has a critical current. The rectifier may further comprise a magnetic field
generator configured and arranged to apply a magnetic field to the HTS material. The rectifier may
further comprise a control mechanism to control the magnetic field generator to switch the electrical
switch between a low-resistance state when a magnitude of the magnetic field is relatively low and a
higher-resistance state when a magnitude of the magnetic field is relatively high, the relatively high
magnitude being sufficient to reduce the critical current of the length of HTS material so that, for a part
of a cycle of the alternating switch current, the alternating switch current approaches the critical
current, is substantially equal to the critical current or is greater than the critical current. The electrical

switch may be arranged to rectify the alternating input current to produce a direct current output.
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In examples:

a)

b)

d)

f)

g)

h)

j)
k)

the electrical switch may be arranged to half-wave rectify the alternating input current, wherein
the direct current output is delivered to a load connected in parallel across the electrical switch;
the control mechanism may be configured to control the magnetic field generator such that the
magnitude of the magnetic field is based on a phase of the alternating input current;

the control mechanism may supply an alternating generator current to the magnetic field
generator such that the magnitude of the magnetic field varies in phase with a phase of the
alternating switch current;

the rectifier may comprises a current control mechanism to control the alternating switch
current such that a first peak current of the alternating switch current when the alternating
switch current flows in a first direction approaches, is substantially equal to, or is greater than
the critical current of the length of the HTS material when the magnitude of the magnetic field
applied by the magnetic field generator is relatively high, and a second peak current when the
alternating switch current flows in a second direction is less than the critical current of the
length of the HTS material when the magnitude of the magnetic field applied by the magnetic
field generator is relatively high, the second direction being opposite the first direction;

the magnetic field generator may comprise a magnetic core forming a gap, and the magnetic
field generator may comprise a conductor wound around a part of the magnetic core in a coil,
the conductor carrying the alternating generator current, wherein the length of HTS material is
positioned in the gap;

the alternating input current may be supplied directly to the conductor as the alternating
generator current, and wherein the alternating switch current is based on the alternating input
current;

the rectifier may comprise a transformer, the transformer comprising a primary side and
secondary side, wherein the primary side receives the alternating input current and the
secondary side is connected to the electrical switch;

the conductor may be connected to the primary side of the transformer;

the conductor may be connected to the secondary side of the transformer;

the transformer may comprise the magnetic core forming the gap;

the control mechanism may comprise a current flow control device configured to control the

alternating generator current through the magnetic field generator;
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n)

o)

p)

q)

the current flow control device may comprise a diode connected in parallel across the magnetic
field generator such that the magnetic field generator is activated when the alternating
generator current flows in a first direction and the magnetic field generator is de-activated
when the alternating generator current flows in a second direction, the second direction being
opposite to the first direction;

the current flow control device may comprise a generator control switch connected in parallel
across the magnetic field generator such that the magnetic field generator is activated when the
generator control switch is open and the magnetic field generator is de-activated when the
generator control switch is closed, wherein the control mechanism comprises a controller
configured to control the opening and closing of the generator control switch;

the rectifier may further comprise at least one further electrical switch comprising a further
length of high temperature superconducting (HTS) material configured to carry a further
alternating switch current, wherein the length of HTS material has a critical current;

the rectifier may further comprise, for each of the at least one further electrical switch, a further
magnetic field generator configured and arranged to apply a further magnetic field to the
further length of HTS material;

the control mechanism may be configured to control the further magnetic field generator to
switch the respective further electrical switch between a low-resistance state when a magnitude
of the further magnetic field is relatively low and a higher-resistance state when a magnitude of
the further magnetic field is relatively high, the relatively high magnitude being sufficient to
reduce the critical current of the further length of HTS material so that, for a part of a cycle of
the alternating switch current, the alternating switch current approaches the critical current, is
substantially equal to the critical current or is greater than the critical current;

the at least one further electrical switch may be arranged to operate with the electrical switch
to rectify the alternating input current to produce the direct current output;

the control mechanism may be configured to activate and de-activate each of the respective
magnetic field generators to switch the respective electrical switches between the low-
resistance state when the respective magnetic field generator is de-activated and the higher-
resistance state when the respective magnetic field generator is activated;

the further magnetic field generators may comprise a second magnetic field generator, wherein

the control mechanism may be configured such that the magnetic field generator is activated
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when the second magnetic field generator is de-activated and the magnetic field generator is
de-activated when the second magnetic field generator is activated;

t) the at least one further electrical switch may comprise a second electrical switch, and wherein
the electrical switch and the second electrical switch may be connected in series and the direct
current output is delivered to a load connected in parallel across one of the switches;

u) the at least one further electrical switch may comprise a second electrical switch, and wherein
the electrical switch and the second electrical switch may be arranged to full-wave rectify the
alternating input current;

v) the electrical switch and the second electrical switch may be connected in series and the direct
current output is delivered to a load connected in parallel between the two electrical switches;

w) the at least one further electrical switch may comprise second, third and fourth electrical
switches, wherein a first pair of electrical switches may comprise the electrical switch connected
in series to the second electrical switch, and a second pair of electrical switches may comprise
the third electrical switch connected in series to the fourth electrical switch, the first pair of
electrical switches being connected in parallel to the second pair of electrical switches, and
wherein the direct current output may be delivered to a load connected between a first
terminal and a second terminal, wherein the first terminal may be between the electrical switch
and the second electrical switch and the second terminal is between the third electrical switch
and the fourth electrical switch;

x) the magnetic core may comprise a first core part and a second core part, wherein the first core
part and second core part are separated by a thermal break;

y) the transformer may comprise a magnetic core comprising a first core part and a second core
part, wherein the primary side may comprise the first core and the secondary side may
comprise the second core part, wherein the first core part and second core part may be
separated by a thermal break;

z) the first core part may be located outside a cryostat and the second core part may be located
inside the cryostat;

aa

~—

the magnetic field generator may comprise a thermal break between the magnetic core and the
conductor;

bb) the transformer may comprise a magnetic core and a thermal break between the magnetic core
and one or more conductors forming the primary side and/or the secondary side; and

cc) the thermal break may comprise thermally insulating material.
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According to another aspect of the technology, there is provided an electrical switch comprising a length
of superconducting material configured to carry a transport current and having a critical current. The
electrical switch may further comprise a magnetic field generator configured and arranged to apply a
magnetic field to the length of superconducting material. The length of superconducting material may
be arranged in a bifilar arrangement. The magnetic field generator may comprise a high permeability
magnetic core. The magnetic field generator may be configured to be selectively controlled to switch
the electrical switch between a low-resistance state when a magnitude of the magnetic field is relatively
low and a higher-resistance state when a magnitude of the magnetic field is relatively high. In the low-
resistance state the transport current may be substantially less than the critical current. In the higher-
resistance state the transport current may approach the critical current, be substantially equal to the

critical current or be greater than the critical current.

According to another aspect of the technology, there is provided an electrical switch comprising first and
second strands of superconducting material, each of the first and second strands of superconducting
material being configured to carry a transport current and having a critical current. The electrical switch
may further comprise a magnetic field generator configured and arranged to apply a magnetic field to
the first and second strands of superconducting material. The magnetic field generator may comprise a
high permeability magnetic core. The magnetic field generator may be configured to be selectively
controlled to switch the electrical switch between a low-resistance state when a magnitude of the
magnetic field is relatively low and a higher-resistance state when a magnitude of the magnetic field is
relatively high. In the low-resistance state the transport current may be substantially less than the
critical current. In the higher-resistance state the transport current may approach the critical current, be
substantially equal to the critical current or be greater than the critical current. The first and second
strands of superconducting material may be spatially arranged substantially parallel to each other within
a region of the magnetic field and are electrically connected so that the transport current flows in
opposite directions through the first and second strands of superconducting material within the region

of the magnetic field.

In examples:
a) The high permeability magnetic core may comprise a first end and a second end separated by a

gap, the first and second strands of superconducting material being positioned in the gap;
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b) The first and second strands of superconducting material may be in the form of tapes each
having two opposed faces;

c¢) The tapes may be arranged so that the opposed faces of the first strand of superconducting
material are parallel with the opposed faces of the second strand of superconducting material;

d) The tapes may be oriented such that the magnetic field applied to the first and second strands
of superconducting material is substantially perpendicular to each of the two opposed faces;

e) The electrical switch may comprise a length of superconducting material comprising the first
and second strands of superconducting material; or the first and second strands of
superconducting material may be electrically connected by connecting a face of the first strand
to a face of the second strand; and

f) The superconducting material is high temperature superconducting (HTS) material.

According to another aspect of the technology, there is provided an electrical switch comprising a length
of superconducting material configured to carry a transport current and having a critical current. The
electrical switch may further comprise a magnetic field generator configured and arranged to apply a
magnetic field to the length of superconducting material. The magnetic field generator may comprise a
high permeability magnetic core. The magnetic field generator may be configured to be selectively
controlled to switch the electrical switch between a low-resistance state when a magnitude of the
magnetic field is relatively low and a higher-resistance state when a magnitude of the magnetic field is
relatively high. In the low-resistance state the transport current may be substantially less than the
critical current. In the higher-resistance state the transport current may approach the critical current, be
substantially equal to the critical current or be greater than the critical current. The length of
superconducting material may be arranged to substantially cancel a self-magnetic field generated by the
transport current flowing through the length of superconducting material when in proximity to the high

permeability magnetic core.

According to another aspect of the technology, there is provided a rectifier according to any one aspect
of the technology, wherein the electrical switch is the electrical switch according to any one aspect of
the technology. In another aspect of the invention, there is provided the use of an electrical switch
according to any one aspect of the technology in a rectifier according to any one aspect of the

technology.
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Further aspects of the technology, which should be considered in all its novel aspects, will become

apparent to those skilled in the art upon reading of the following description which provides at least one

example of a practical application of the technology.

5. Brief Description of the Drawings

One or more embodiments of the technology will be described below by way of example only, and

without intending to be limiting, with reference to the following drawings, in which:

Figure 1

Figure 2

Figure 3

Figure 4

Figure 4A

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

shows an exemplary electric-field versus current graph for a high-temperature

superconductor;

is an illustration of graphs of electric field against current for a superconducting material

when three external magnetic fields of different magnitude are applied;

is a schematic illustration of a rectifier according to one form of the technology;

is a perspective view illustration of the rectifier shown in Figure 3;

is an illustration of three graphs illustrating parameters relating to the form of rectifier

shown in Figures 3 and 4;

is a schematic illustration of a rectifier according to another form of the technology;

is a perspective view illustration of the rectifier shown in Figure 5;

is an illustration showing the magnitudes of parameters varying with time during use of

the rectifier shown in Figures 5 and 6;

is a schematic illustration of a rectifier according to another form of the technology;

is a perspective view illustration of the rectifier shown in Figure 8;
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Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

10

is a schematic illustration of a rectifier according to another form of the technology;

is a perspective view illustration of the rectifier shown in Figure 10;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is an illustration showing the magnitudes of parameters varying with time during use of

the rectifier shown in Figure 14;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is an illustration showing the magnitudes of parameters varying with time during use of

the rectifier shown in Figure 17;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is a schematic illustration of a rectifier according to another form of the technology;

is a perspective view illustration of the rectifier shown in Figure 23;
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Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figure 35

Figure 36A

11

is an illustration showing the measured magnitudes of parameters varying with time

during use of the rectifier shown in Figures 23 and 24;

is a schematic illustration of a rectifier according to another form of the technology;

is a perspective view illustration of the rectifier shown in Figure 26;

is an illustration showing the magnitudes of parameters varying with time during use of

the rectifier shown in Figures 26 and 27;

is a schematic illustration of a rectifier according to another form of the technology;

is a perspective view illustration of the rectifier shown in Figure 29;

is an illustration showing the magnitudes of parameters varying with time during use of

the rectifier shown in Figures 29 and 30;

is a schematic illustration of a transformer according to one form of the technology;

is a schematic illustration of a transformer according to another form of the technology;

is a perspective view illustration of a rectifier according to another form of the

technology;

is a perspective view illustration of a rectifier according to another form of the

technology;

is a schematic illustration of an electrical switch according to one form of the

technology;
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Figure 36B is a schematic illustration of an electrical switch according to another form of the
technology;
Figure 37 is a graph illustrating the relationship between critical current of a length of

superconducting material in an electrical switch according to a form of the technology
at different applied fields and when the length of superconducting material is arranged

in a bifilar arrangement and a unifilar arrangement;

Figure 38A shows a magnetic field profile for an electrical switch according to one form of the

technology; and

Figures 38B shows a magnetic field profile for an electrical switch according to another form of the

technology.

6. Detailed Description of Examples of the Technology

6.1. Discussion on Superconductors

To aid in the understanding of the present technology the reader should be familiar with
superconducting terminology including the critical temperature for a superconductor and the critical
current for a superconductor. Nevertheless, for the benefit of the reader we briefly discuss these

concepts below.

The critical temperature for a superconductor is conventionally defined as the temperature, below
which the resistivity of the superconductor drops to zero or near zero. In other words, a superconductor
is said to be in its superconducting state when the temperature of the superconductor is below the
critical temperature and in a non-superconducting state when the temperature is above the critical
temperature. Many superconductors have a critical temperature which is near absolute zero; for
example, mercury is known to have a critical temperature of 4.1K. It is however also known that some
materials can have critical temperatures which are much higher such as 30K to 125K; for example,

magnesium diboride has a critical temperature of approximately 39K, while yttrium barium copper oxide
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(YBCO) has a critical temperature of approximately 92K. These superconductors are often generally

referred to as high-temperature superconductors.

The critical current for a high-temperature superconductor wire or tape is conventionally defined as the
current flowing in a superconductor wire/tape which results in an electric field drop along the wire of
100 pV/m (= 1 pV/cm). It should be appreciated that the critical current is a function of both the
superconducting material used, and the physical arrangement of the superconducting material. For
example, a wider tape/wire may have a higher critical current than a thinner tape/wire constructed of
the same material. Nevertheless, it should be understood that, throughout the specification, reference
to the critical current of the superconductor / superconducting material is made to simplify the

discussion.

In a superconductor / superconducting material, if the current / is approximately equal to the critical
current /, the resistance of the superconductor is non-zero, but small. However, if I is much larger than
the critical current /., the resistance of the superconductor becomes sufficiently large to cause heat
dissipation which can heat the superconductor to a temperature above its critical temperature, which in
turn causes it to no longer be superconducting. This condition is sometimes referred to as a “quench”

and can be damaging to the superconductor itself.

Figure 1 shows an exemplary plot depicting the internal electric-field versus current curve for a high-
temperature superconductor. It should be appreciated that the electric-field shown in this plot is related

to resistance via the following equation:

Where:
e Fis the electric field;
e [is the current through the superconductor;
¢ Risthe resistance of the wire; and

e [ is the length of the wire.

Accordingly, the plot of Figure 1 is related to the resistance per-unit length for the superconductor and,
because the curve depicted is non-linear, the resulting resistance for the superconductor is non-linear

with current.
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In this figure it can be seen that the electric field strength in the superconductor is substantially zero
below the critical current /. for the superconductor. As the current in the superconductor approaches
the critical current, the electric-field in the superconductor starts to increase. At the critical current, the
electric-field in the superconductor is 100 pV/m. Further increasing the current in the superconductor

above the critical current results in rapid increases in the electric-field strength in the conductor.

Throughout the present specification reference will be made to the relative resistances of a
superconducting material and components comprising a superconducting material. More particularly,
the specification refers to a superconducting material being in a low-resistance or higher-resistance
state. It will be appreciated that, when in a superconducting state, superconducting materials can have a
resistance which is zero or substantially zero, and as such these resistances are often expressed in terms
of the electric field present across the superconducting material for a given current. Nevertheless,
throughout the present specification, reference is made to relative resistances, for example low-
resistance and higher-resistance states of the superconducting material, in order to simplify the

foregoing discussion.

The term ‘low-resistance state’ may refer to when the superconducting material has a resistance that is
close to or substantially zero in the superconducting state, or when the material has a low resistance in
a partially superconducting state. The term ‘higher-resistance’ state refers to a state in which the
superconducting material has a resistance that is substantially greater than the resistance in the low
resistance state, for example a substantially non-zero resistance or a resistance that is close to zero but
substantially greater than the resistance in the low-resistance state. For the avoidance of doubt, a
higher-resistance state as referred to in this specification may, unless the context clearly indicates

otherwise, include a superconducting state.

Similarly, where in this specification, reference is made to a superconductor being in a higher-resistance
state as a result of a current carried by the superconductor exceeding the critical current, it should be

understood that, unless the context clearly indicates otherwise, the higher-resistance state may also be
achieved if the current carried by the superconductor approaches or is substantially equal to the critical

current.
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In describing the technology in this specification, material and components comprising the material are
referred to as “superconducting”. This term is commonly used in the art for such materials and should
not be taken to mean that the relevant material is always in a superconducting state. Under certain
conditions the material and components comprising the material may not be in a superconducting state.

That is, the material may be described as being superconductive but not superconducting.

6.2. Superconducting Materials

Certain forms of the present technology may comprise a variety of types of superconducting material.
For example, forms of the technology may comprise high-temperature superconducting (HTS) materials.
Exemplary HTS materials suitable for use in the forms of technology described include copper-oxide
superconductors, for example a rare-earth barium copper oxide (ReBCO) such as yttrium barium copper
oxide, gadolinium barium copper oxide or bismuth strontium calcium copper oxide (BSCCO)
superconductors, and iron-based superconductors. BSCCO superconductors typically have a strong
interdependence between critical current and an applied magnetic field, which may make them
particularly suitable for some forms of the present technology. Other types of superconductors may be

used in other forms of the technology.

While forms of the technology will be described in relation to high-temperature superconductors, it
should be understood that other forms of the technology may use other types of superconductor, for

example low-temperature superconductors, in their place.

In certain forms, the superconducting material may be provided in the form of a tape.

6.3. Effect of Magnetic Field on Superconductors

The critical current in a superconductor is dependent on the external magnetic field applied to the

superconductor. More particularly, the critical current decreases as a higher external magnetic field is
applied to the superconductor, up to the value of the critical field, above which the superconductor is
no longer in the superconducting (low resistance) state. This relationship is shown in Figure 2, which is

an illustration of graphs of electric field against current for a superconducting material when three
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external magnetic fields of different magnitude are applied. The highest magnitude of external magnetic

field, Bgpp1, results in the lowest critical current, /..

6.4. Electrical Switch

Forms of the technology relate to an electrical switch that utilise the principle that the critical current of
a superconducting material decreases as a higher external magnetic field is applied to the material. An
exemplary electrical switch 210 is illustrated in Figures 3 and 4. The form of the technology illustrated in
these figures will be described in more detail below, but for present purposes the switch 210 is

described.

Electrical switch 210 comprises a length of high temperature superconducting (HTS) material, for
example any of the types of HTS material described above. The HTS material has a critical current /. and
a critical temperature T.. The HTS material is positioned inside a cryostat 710 (not shown) configured to

maintain the HTS material at a temperature that is less than the critical temperature T..

When an external magnetic field Bgyy is applied to the length of HTS material the critical current reduces,
as shown in Figure 2. The application of the magnetic field B,,, can therefore be used to cause the
length of HTS material to act as a switch. If the HTS material carries a switch current (i.e. a current
flowing through the electrical switch 210) that is less than the critical current when the magnitude of the
magnetic field Bgpp has a certain value then the HTS material will be in a low-resistance state. If the
magnitude of the magnetic field Bgy, is increased from that value to a relatively high magnitude that is
sufficiently high that the critical current reduces to a value that is closer to, or below, the magnitude of

the current carried by the HTS material, then the HTS material will be in a higher-resistance state.

The low-resistance state of the HTS material can be considered equivalent to the closed state of switch
210 while the higher-resistance state is similar to an open state of switch 210. It should be appreciated,
however, that the higher-resistance state is not an electrical open-circuit as would be common for a
mechanical switch, but rather represents a higher-resistance conductive state. In this higher-resistance
conductive state, the HTS material may remain in the superconducting state but with a higher level of

resistance, or it may be in a non-superconducting state.
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The difference in magnitude of the magnetic field Bgp, between the low-resistance state and higher-
resistance state of the switch may be varied to a plurality of magnitudes, including a continuously
variable magnitude and including varying it between two magnitudes. In the low-resistance state the

magnitude of the magnetic field Bgp, may be zero or non-zero.

It will be appreciated that any magnitude of the magnetic field Bgpp, applied to the HTS material should
be below the magnitude of the critical field, where the critical field is the magnitude of the external
magnetic field applied to the HTS material that causes the HTS material to move into the higher-

resistance state.

The energy loss in a superconducting switch is nearly proportional to the critical current in the switch
during switching. Since the electrical switch 210 operates by reducing the value of the critical current
during switching, the electrical switch 210 (and devices comprising the electrical switch 210 have lower

losses and therefore higher efficiencies than conventional superconducting switches.

6.5. Rectifier

Certain forms of the technology use electrical switch 210, and in certain forms multiple electrical
switches 210 in the form of a switching assembly 200, to rectify an alternating input current. Different
forms of the technology may utilise one or more electrical switches 210 in any configuration in order to
produce a rectifying effect. In the following description, examples of suitable configurations of electrical
switches are described, although it should be understood that other configurations may be used in other

forms of the technology.

Rectifiers 100 according to forms of the technology comprise the following functional parts: a switching
assembly 200; a magnetic field generator assembly 300; a control mechanism 400; and a current supply
assembly 500. These functional parts will be described in more detail below, with descriptions of
exemplary forms of each functional part. Some specific examples of rectifiers 100 comprising
combinations of exemplary forms of each functional part will also be described. It should be understood
that other combinations of exemplary forms of each functional part are also provided in some forms of

the technology, and the technology is not limited to the specific examples illustrated and/or described.
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In certain forms, the current supply assembly 500 is configured to supply alternating current to the
switching assembly 200. The switching assembly 200 comprises an arrangement of one or more
electrical switches 210 and is configured to rectify the alternating current to produce a direct current
output. The direct current output may be delivered to load 600. The magnetic field generator assembly
300 comprises one or more magnetic field generators 310, each configured to apply a magnetic field to
one or more of the electrical switches 210. The control mechanism 400 controls the magnetic field

generator assembly 300 in order to switch the electrical switches 210 of the switching assembly 200.

Any part of the rectifier 100 comprising superconducting materials is housed in one or more cryostats
710 configured to maintain the superconducting material at a temperature that is less than the critical

temperature T. of the respective superconducting material.

6.6. Switching Assemblies

In certain forms of the technology, the switching assembly 200 comprises an arrangement of one or
more electrical switches 210 and is configured to rectify the alternating current to produce a direct
current output. The arrangement of the electrical switches 210 in the switching assembly 200
determines the type of rectification performed by rectifier 100, as will be described below through

examples.

In certain forms of the technology, the rectifier 100 is a half-wave rectifier. A half-wave rectifier allows
current flowing in one direction to pass but blocks current flowing in the other direction. In some forms
of a half-wave rectifier, the switching assembly comprises a single electrical switch 210. In other forms

of a half-wave rectifier, the switching assembly comprises two electrical switches 210.

Exemplary forms of switching assemblies 200 for a half-wave rectifier 100 comprising a single switch 210
are illustrated in Figures 3, 4, 5,6, 8,9, 10, 11, 12, 13 and 19. In these forms a load 600 is connected in
parallel across the electrical switch 210. When the switch 210 is in the ‘closed’ configuration, there is no
voltage across the load 600 and a load current i, is delivered to the load 600. When the switch 210 s in
the ‘open’ configuration, a voltage V,.: is developed across the load 600 and a load current i; is delivered
to the load 600. Whether the load current j; increases or decreases when the switch 210 is opened

depends on the direction of the switch current is; flowing through the switch 210, which depends on the
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timing of the opening of the switch 210 compared to the phase of the alternating input current i;. In
some forms, the control mechanism 400 may control the opening and closing of the switch 210 so that
the switch 210 is open when the alternating input current i; flows in one direction and the switch 210 is
closed when the alternating input current j; flows in the opposite direction, i.e. the control mechanism
400 controls the state of each of the switches 210 in a timed manner based on a phase of the
alternating input current ;. In this way, the voltage V. may be only developed across the load 600 in
one direction (or polarity), thereby providing a half-wave rectifier. In other forms the control mechanism
400 may control the opening and closing of the switch 210 to occur at different times in the current
cycle. The control mechanism 400 may be used to open and close switch 210 at selected times in the
phase of the alternating input current iz so that the voltage V,.: across the load 600 causes the load
current j; to change in a desired way, including increasing and decreasing the load current j; at different
times. Changing the load current i, in the load 600 in a step-like fashion in this way may be described as

“pumping”.

Exemplary forms of switching assemblies 200 for a half-wave rectifier 100 comprising two switches
210a, 210b are illustrated in Figures 14, 20 and 23. In these forms the two switches 210a, 210b are
connected in series and a load 600 is connected in parallel across one of the switches 210. An
alternating current i, is provided to the switching assembly 200. The switching assembly 200 is
controlled by a control mechanism 400 configured to control the state of each of the switches 210 in
order to rectify the alternating current i,. For example, the control mechanism 400 controls each of the
switches 210 so that the state of each switch is based on the direction of flow of the alternating current
iz. Since the direction of flow of the alternating current i> depends on the phase of the current, in this
form the control mechanism 400 controls the state of each of the switches 210 in a timed manner based
on a phase of the alternating current i,. For example, when the alternating current iz is flowing in a first
direction (i.e. the current flow is positive) the first switch 210a is placed in its low-resistance state and
the second switch 210b is placed in its higher-resistance state. As such, a low resistance path is formed
around the outside of the loop through switch 210a and across the load 600. As the polarity of the
current changes (for example from positive to negative), the control mechanism 400 may cause switch
210a to transition into its high-resistance state, and switch 210b to transition to a low-resistance state.
The higher-resistance state of 210a impedes the current flow from the transformer, providing a measure
of blocking to the negative polarity current flow. Simultaneously, the low-resistance state of 210b

provides a path for the current flow in the load to continue, albeit while exponentially decaying with a
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time constant L/R (which will mean that the load current will remain constant if the load is
superconducting). Accordingly, the current flow through the load 600 may be half-wave rectified. Again,
the control mechanism 400 may open and close switches 210a and 210b at appropriate times to

increase and decrease the current in the load 600 as desired.

In some forms of the technology, the control mechanism 400 may control both switch 210a and switch
210b to be simultaneously in the low-resistance state for some period of time in the alternating current
cycle. That is to say that switch 210b may be in a higher-resistance state for only a portion of the time
that i, is positive, and switch 210a may be in a higher-resistance state for only a portion of the time that
iz is negative and, for the rest of time, both switches are in a low-resistance state whether i, is positive
or negative. This may be used as a practical control strategy to ensure that a switch is in the open
configuration (i.e. the higher-resistance state) when the current through it is in the desired direction.
The control mechanism 400 may control the switches of the rectifiers of any of the forms of technology

described herein in this way, even if not expressly stated.

Exemplary forms of switching assemblies 200 for a full-wave rectifier 100 comprising two switches 2103,
210b are illustrated in Figures 17, 22 and 26. Two switches 210a, 210b are connected in series and a
load 600 is connected in parallel between the two switches 210a, 210b. An alternating current is
provided to the switching assembly 200. The switching assembly 200 is controlled by a control
mechanism 400 configured to control the state of each of the switches 210 in order to rectify the
alternating current. For example, the control mechanism 400 may control each of the switches 210 so
that the state of each switch is based on the direction of flow of the alternating current. Since the
direction of flow of the alternating current depends on the phase of the current, in this form the control
mechanism 400 controls the state of each of the switches 210 in a timed manner based on a phase of
the alternating current. When the current is flowing in a first direction (for example when the current is
positive) the first switch 210a is placed into its low-resistance state, while the second switch 210b is
placed into its higher-resistance state. This results in a lower impedance path around the top half of the
circuit through switch 210a, and results in a current flow through the load 600 in a first direction. When
the alternating is flowing in a second direction (for example when the current is negative) the first
switch 210a is placed into is higher-resistance state, while the second switch 210b is placed into a low-
resistance state. This results in a lower impedance path around the bottom half of the circuit through

switch 210b, and results in a current flow through the load 600 in the first direction. When the opening
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and closing of the switches is controlled in this way, irrespective of the direction of the alternating
current, the current always flows through the load in a single direction, e.g. from the positive terminal to
the negative terminal. Accordingly, the voltage V,.: may be only developed across the load 600 in one
direction (or polarity) and the alternating current is full-wave rectified into a direct current through the
load 600. As with the earlier example of the half-wave rectifier, the control mechanism 400 may control
the timing of the opening and closing of the switches 210 so that the voltage across the load is
developed with the desired polarity and the current through the load 600 increases or decreases

accordingly.

Exemplary forms of switching assemblies 200 for a full-wave rectifier 100 comprising four switches 210a,
210b, 210c and 210d are illustrated in Figures 16, 21, 29 and 30. Two switches 210a and 210b form a
first pair of switches and are connected in series to each other. The other two switches 210c and 210d
form a second pair of switches and are connected in series to each other. The two pairs of switches are
connected in parallel to each other, each in parallel with a source of alternating current. Load 600 is
connected from a terminal between the switches 210a, 210b of the first pair of switches to a terminal
between the switches 210c, 210d of the second pair of switches. The switching assembly 200 is
controlled by a control mechanism 400 configured to control the state of each of the switches 210 in
order to rectify the alternating current. For example, the control mechanism 400 may control each of
the switches 210 so that the state of each switch is based on the direction of flow of the alternating
current. Since the direction of flow of the alternating current depends on the phase of the current, in
this form the control mechanism 400 controls the state of each of the switches 210 in a timed manner
based on a phase of the alternating current. When the current is flowing in a first direction (for example
when the current is positive) the first and fourth switches 210a, 210d are placed into their low-
resistance state, while the second and third switches 210b, 210c are placed into their higher-resistance
state. This results in a lower impedance path through the first and fourth switches 210a and 210d, and
results in a current flow through the load 600 in a first direction. When the alternating is flowingin a
second direction (for example when the current is negative) the first and fourth switches 210a, 210d are
placed into their higher-resistance state, while the second and third switches 210b, 210c are placed into
third low-resistance state. This results in a lower impedance path through the second and third switches
210b and 210c, and results in a current flow through the load 600 in the first direction. When the
opening and closing of the switches is controlled in this way, irrespective of the direction of the

alternating current, the current always flows through the load in a single direction, e.g. from the positive
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terminal to the negative terminal. Accordingly, the voltage V,.: may be only developed across the load
600 in one direction (or polarity) and the alternating current is full-wave rectified into a direct current
through the load 600. As with the earlier example of the half-wave rectifier, the control mechanism 400
may control the timing of the opening and closing of the switches 210 so that the voltage across the
load is developed with the desired polarity and the current through the load 600 increases or decreases

accordingly.

While certain exemplary arrangements of switches 210 in a switching assembly 200 have been
described, it should be understood that other switching assemblies 200 in other forms of the technology
have other arrangements of switches 210 for rectifying an alternating current. Switching assemblies 200

of other forms of the technology may have other numbers of switches 210.

6.7. Magnetic Field Generator Assembly

In certain forms of the technology, the magnetic field generator assembly 300 comprises one or more
magnetic field generators 310, each of the magnetic field generators 310 being configured to apply a

magnetic field to one or more of the electrical switches 210 of the switching assembly 200.

Exemplary forms of magnetic field generator assemblies 300 are illustrated in Figures 3-6, 8-14, 16, 17,
19-24, 26, 27, 29, 30, 34 and 35. In these forms, the magnetic generator assembly 300 comprises one or
more magnetic field generators 310. Each of the magnetic field generators 310 may comprise a
magnetic core 320. The core 320 may be a high-permeability magnetic core such as a ferrite core (e.g.
an iron core) or a laminated steel/iron cores. In other forms, other types of high relative permeability at
the operating frequency may also be used, or a non-magnetic core or air core may be used. Air cores
may advantageously reduce the size, weight and cost of the electrical switch 210 and may also provide
the ability to drive higher currents without saturating the core. In the illustrated forms the magnetic
core 320 is a substantially ring-shaped solid core, for example a square-shaped ring having rounded

corners.

In the exemplary forms, the magnetic core 320 forms a gap 330. The gap 330 may be a space in a solid
magnetic core 320, for example a space in one side of a square-shaped ring core. Any part of an air core

may be considered to be a gap 330.
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In the exemplary forms, a conductor is wound around a part of the magnetic core 320 in a coil 340. For
example, the coil 340 formed by the conductor may be wound around a side of a square-shaped ring
core, for example the side opposite the side on which the gap 330 is formed. In an air core, the coil 340
defines inside it a region of space, and that region of space may be considered to be the air core and to
contain the gap 330. In use, the conductor may carry a generator current. The flow of the generator
current through the coil 340 generates a magnetic field, including in core 320 and across gap 330. In
certain forms of the technology, the length of HTS material comprising an electrical switch 210 is
positioned in the gap 330 such that the magnetic field generated by the magnetic field generator 310

across gap 330 is an external magnetic field Bgpp applied to the switch 210.

In certain forms, the generator current carried by the conductor may be supplied by a current source,
for example an alternating current source so that that generator current is an alternating generator
current. As will be described in more detail later, in certain forms, the alternating current source
supplying current to the conductor may be the same alternating input current received by the current
supply assembly 500 of the rectifier 100, or an alternating current supply with a magnitude varying in
phase with the alternating input current and/or with an alternating switch current flowing through the
switch 210 positioned in the gap 330. In other forms, the current source supplying generator current to
the conductor of the magnetic field generator 310 may be a separate current source 350. In these

forms, the current source 350 may be a direct current source.

The magnitude of the magnetic field generated by the magnetic field generator(s) 310 may be
continuously varying. Alternatively, the magnitude of the magnetic field generated by the magnetic field
generator(s) 310 may vary between two constant values. In certain forms, one of the constant values

may be zero.

In certain forms, a magnetic field generator 310 may be configured to apply a magnetic field Bgpp to a
plurality of electrical switches 210. For example, in the form of rectifiers 100 shown in Figures 16, 21, 29
and 30, magnetic field generator 310a is configured to apply a magnetic field to electrical switches 210a
and 210d and magnetic field generator 310b is configured to apply a magnetic field to electrical switches
210b and 210c. Each magnetic field generator 310a and 310b may comprise a single magnetic core 320

and one or more gaps 330, within which the HTS material of the respective electrical switches are
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positioned. Alternatively, as in the example shown in Figure 30, each magnetic field generator 310a and
310b may comprise a plurality of component magnetic field generators, each comprising a magnetic
core 320 and having a conductor wound round them to form a coil 340, where the coils 340 of each
component magnetic field generator are electrically connected in order to energise the component

magnetic field generators simultaneously.

While certain exemplary arrangements of magnetic field generators 300 in a magnetic field generator
assembly 300 have been described, it should be understood that other magnetic field generators 310 in

other forms of the technology may take other forms.

6.8. Control Mechanism

Rectifiers 100 according to certain forms of the technology comprise a control mechanism 400
configured to control the magnetic field generator assembly 300 in order to switch the electrical

switches 210 of the switching assembly 200.

In certain forms of the technology, the control mechanism 400 is configured to control the magnetic
field generator(s) 310 of the magnetic field generator assembly 300 such that the magnitude of the
magnetic field generated by each magnetic field generator 310 is based on a phase of the alternating
input current received by the current supply assembly 500. For example, the magnitude of the magnetic
field generated by each magnetic field generator 310 may vary with a phase that is a fixed phase
difference from a phase of the alternating input current. In one example, the fixed phase difference may
be zero, in which case the magnetic field generated by each magnetic field generator 310 varies in phase
with the alternating input current. In certain examples, the magnitude of the magnetic field generated
by each magnetic field generator 310 may be a first value for a part of each cycle of the alternating input
current, and a second value for another part of each cycle of the alternating input current. One of the

first or second values may be zero.

Additionally, in certain forms, the control mechanism 400 is configured to supply an alternating current
to the magnetic field generator 310 (i.e. an alternating generator current) that has a phase based on a
phase of an alternating current through the electrical switch 210 to which the magnetic field generator

310 supplies a magnetic field (i.e. an alternating switch current). Therefore, the magnitude of the
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magnetic field generated by the magnetic field generator 310 varies in phase with a magnitude of the
alternating switch current. For example, the magnitude of the alternating generator current may vary
with a phase that is a fixed phase difference from a phase of the alternating switch current. In one
example, the fixed phase difference may be zero, in which case the magnetic field generated by each
magnetic field generator 310 varies in phase with the alternating switch current. In certain examples,
the magnitude of the magnetic field generated by each magnetic field generator 310 may be a first value
for a part of each cycle of the alternating switch current, and a second value for another part of each

cycle of the alternating switch current. One of the first or second values may be zero.

In certain forms of the technology, the alternating input current may be supplied directly to the
magnetic field generator 310 as the alternating generator current. In examples in which the magnetic
field generator 310 comprises a conductor wound in a coil 340, the alternating input current may be

supplied directly to the conductor / coil 340.

In certain forms of the technology described above, the alternating input current, or an alternating
current based on the alternating input current (including, for example: an alternating current split from
the alternating input current at a current divider; or an alternating current generated in the secondary
side of a transformer from the alternating input current in a primary side of the transformer), is supplied
to a magnetic field generator 310 where: 1) the magnetic field generator 310 applies a magnetic field to
the electrical switch 210; and 2) the electrical switch 210 carries an alternating switch current based on
the alternating input current (again, including, for example: an alternating current split from the
alternating input current at a current divider; or an alternating current generated in the secondary side
of a transformer from the alternating input current in a primary side of the transformer). Such forms of
the technology may be considered to comprise one or more “auto-synchronous” electrical switches 210
since the timing of the change in magnitude of the external magnetic field By, applied to the electrical
switches 210 is automatically synchronised to the phase of the alternating input current by the
relationship between the currents. In these forms, the control mechanism 400 may be considered to be
the electrical components and/or connections that facilitate the stated relationships between the

alternating input current and the alternating generator and alternating switch currents.

In certain forms, a portion of the external magnetic field Bapp applied to the electrical switches 210 may

be automatically synchronised to the phase of the alternating input current in the manner described,
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and the magnetic field generator 310 may comprise a generator portion configured to generate another

portion of the external magnetic field By, by another means.

Certain examples of auto-synchronous electrical switches 210 provided in rectifiers 100 according to

forms of the technology will now be described.

In the form of rectifier 100 illustrated in Figures 3 and 4, the magnetic field generator 310 receives a
supply of alternating input current i; from an alternating current source 900. This magnetic field
generator 310 is configured to generate a magnetic field B,,p and to apply that magnetic field to
electrical switch 210. As is shown in Figure 4, the magnetic field generator comprises a coil 340 wound
around magnetic core 320 where the coil 340 carries the alternating input current j;. The coil 340 is
electrically connected to a length of HTS material comprised as part of electrical switch 210 and
positioned in a gap 330 in the magnetic core 320. Consequently changes in the alternating input current

iz result in changes to the applied magnetic field Bgpp and the two are synchronised.

In the form of rectifier 100 illustrated in Figures 5, 6, 12 and 19, the alternating current source 900
supplies alternating input current j; to the magnetic field generator 310, which is configured to generate
a magnetic field Bgpp and to apply that magnetic field to electrical switch 210. As is shown in Figure 6, the
magnetic field generator comprises a coil 340 wound around magnetic core 320 where the coil 340
carries the alternating input current i;. The coil 340 is electrically connected to a primary coil 520 on the
primary side of a transformer 510. The transformer 510 generates an alternating current iz in a
secondary coil 530 on the secondary side of the transformer 510. The secondary coil 530 is electrically
connected to a length of HTS material comprised as part of electrical switch 210 and positioned in a gap
330 in the magnetic core 320. Since the alternating current i, in the secondary coil 530 is synchronised
with, i.e. in phase with, the alternating input current i; in the primary coil 520, changes in the alternating

input current i; result in changes to the applied magnetic field By, and the two are synchronised.

In the form of rectifier 100 illustrated in Figures 14, 16, 17, 20, 21 and 22, the magnetic field generator
assembly 300 is on the primary side of the transformer 510, similarly to the forms shown in Figures 5, 6,
12 and 19. In the case of the forms shown in Figures 14, 16, 17, 20, 21 and 22, the magnetic field
generator assembly 300 comprises a plurality of magnetic field generators 310, for example two

magnetic field generators 310a and 310b, each configured to apply a magnetic field Bapp: and Bgpp2
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respectively to electrical switches 210a and 210b (or respectively to electrical switches 210a and 210d,

and 210b and 210c in the case of the forms shown in Figures 16 and 21).

In the form of rectifier 100 illustrated in Figures 8, 9 and 13, the alternating current source 900 supplies
alternating input current i; to a primary coil 520 on the primary side of a transformer 510. The
transformer 510 generates an alternating current i in a secondary coil 530 on the secondary side of the
transformer 510. The secondary coil 530 is electrically connected to the magnetic field generator 310,
which is configured to generate a magnetic field By, and to apply that magnetic field to electrical switch
210. As is shown in Figure 9, the magnetic field generator comprises a coil 340 wound around magnetic
core 320 where the coil 340 carries the alternating current i, provided from the secondary coil 530. The
coil 340 is electrically connected to a length of HTS material comprised as part of electrical switch 210
and positioned in a gap 330 in the magnetic core 320. Since the alternating current i; in the secondary
coil 530 is synchronised with, i.e. in phase with, the alternating input current i; in the primary coil 520,
changes in the alternating input current i; result in changes to the applied magnetic field By, and the

two are synchronised.

In the form of rectifier 100 illustrated in Figures 10 and 11, the alternating current source 900 supplies
alternating input current i; to a primary coil 520 on the primary side of a transformer 510. The
transformer 510 generates an alternating current i in a secondary coil 530 on the secondary side of the
transformer 510. In this form, the transformer 510 and magnetic field generator 310 are comprised of
the same components, i.e. the magnetic core 320 of the magnetic field generator 310 also serves as the
magnetic core 540 of the transformer 510. This magnetic core 320/540 comprises a gap 330 in which is
positioned a length of HTS material comprised as part of electrical switch 210 and this length of HTS
material is electrically connected to the secondary coil 530 of the transformer 510. Since the alternating
current i; in the secondary coil 530 is synchronised with, i.e. in phase with, the alternating input current
iz in the primary coil 520, changes in the alternating input current j; result in changes to the applied
magnetic field Bapp and the two are synchronised. The rectifier 100 in this form of the technology may be
more compact than the rectifier shown in Figures 5, 6, 8 and 9 since only a single magnetic core 320/540

is used.
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In some forms of the technology, the control mechanism 400 comprises one or more current flow
control devices configured to control the alternating generator current through any one or more of the

magnetic field generators 310.

In certain forms of the technology each current flow control device comprises a diode 410 connected in
parallel across one of the magnetic field generators 310. In certain forms, the diode 410 may be a type
of diode configured to allow current to flow through the diode 410 in one direction but to block current
flow through the diode 410 in the other, opposite, direction. Forms of rectifiers 100 including diodes of
this type are illustrated in Figures 12, 13, 14, 16 and 17. In these forms, when the current flows in the
direction through which the diode 410 allows current to flow, the magnetic field generator 310 is
shorted and consequently de-activated. When the current flows in the direction through which the
diode 410 blocks current, the current flows through the magnetic field generator 310, activating the
magnetic field generator 310. This means that the electrical switch 210 that is controlled by the
magnetic field Bqpp applied by the magnetic field generator 310, is only able to be activated (i.e. put into
the higher-resistance state, or opened) during one half of the alternating current cycle. One advantage
of the forms of rectifier 100 including a diode 410 over other types of rectifier 100 described herein is
that, since a magnetic field generator 310 results in resistive losses of energy when current flows
through the windings of coil 340, the diode 410 means that substantially no resistive losses occur during
half of the cycle when the diode 410 allows current to flow and no current flows through the magnetic

field generator 310.

In the forms of the technology shown in Figures 14, 16 and 17, the rectifier 100 comprises a plurality of
current flow control devices which, in these forms, each comprises a diode so that the rectifier 100
comprises a plurality of diodes 410a, 410b. Each diode 410a and 410b is connected in parallel across a
respective one of the magnetic field generators 310a and 310b. The diodes 410a and 410b are oriented
in the opposite direction to each other so that, when the alternating input current i; flows in one
direction, diode 410a allows current to flow and diode 410b blocks current flow, and, when the
alternating input current i; flows in the other, opposite, direction, diode 410a blocks current flow and
diode 410b allows current to flow. The result of this arrangement is that, when the alternating input
current iz flows in one direction, magnetic field generator 310b is activated while magnetic field
generator 310a is not, and, when the alternating input current /; flows in the other, opposite, direction,

magnetic field generator 310a is activated while magnetic field generator 310b is not. This means that
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the electrical switches 310a and 310b (to which the magnetic field generators 310a and 310b apply
magnetic fields respectively) are able to be switched when the alternating input current i; is flowing in

both directions.

Figure 15 illustrates exemplary magnitudes of the alternating input current j;, secondary current i,
magnetic field Bappr generated by magnetic field generator 310a, magnetic field Bgpp2 generated by
magnetic field generator 310b and output voltage across the load 600 varying with time during use of
the exemplary half-wave rectifier 100 of Figure 14 according to one form of the technology. The
magnitude of the alternating input current i; may be controlled by the current supply assembly 500 (not
shown) to have the illustrated wave-profile, which is reflected in the profile of the magnitude of the
secondary current i». The diode 410a causes the magnetic field Bgpp: generated by magnetic field
generator 310a to be activated for the positive part of the cycle of the alternating input current i; and
otherwise to be de-activated. The diode 410b causes the magnetic field B,,p> generated by magnetic
field generator 310b to be activated for the positive part of the cycle of the secondary current i; and
otherwise to be de-activated. The effect of the rectifier 100 is that a voltage is generated across the load
600 during only the positive parts of the cycle of the alternating input current /s, thus half-wave

rectifying the alternating input current /;.

Figure 18 illustrates exemplary magnitudes of the alternating input current i;, magnetic field Bgpp1
generated by magnetic field generator 310a, magnetic field B,pp> generated by magnetic field generator
310b and output voltage across the load 600 varying with time during use of the exemplary full-wave
rectifiers 100 of Figures 16 and 17 according to forms of the technology. The magnitude of the
alternating input current i; may be controlled by the current supply assembly 500 to have the illustrated
wave-profile. This profile is reflected in the magnitude of the secondary current in the secondary coil
530 (not shown). The diode 410a causes the magnetic field Bg,p: generated by magnetic field generator
310a to be activated for the positive part of the cycle of the alternating input current i; and otherwise to
be de-activated. The diode 410b causes the magnetic field B,,p> generated by magnetic field generator
310b to be activated for the positive part of the cycle of the secondary current i; and otherwise to be
de-activated. The effect of the rectifier 100 is that a positive voltage is generated across the load 600
whenever the alternating input current i; is non-zero (whether negative or positive), thus full-wave

rectifying the alternating input current /;.
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The forms of rectifier 100 illustrated in Figures 14, 16 and 17 comprise multiple diodes 410 and multiple
electrical switches 210. These rectifiers may operate with only one current supply 900 and the control
mechanism 400 is driven by the alternating input current iy, i.e. no external control mechanism may be
required. In some forms, they may be more efficient and to suffer lower cryogenic losses than the forms
of rectifier 100 illustrated in Figures 5, 6, 8, 9, 10, 11, 12 and/or 13. Furthermore, the forms of rectifier
100 illustrated in Figures 14, 16 and 17 may operate with a symmetric alternating input current j; (i.e. it
is not necessary to control the input current to have an asymmetric wave-profile, as may be required for
the forms of rectifier 100 illustrated in Figures 5, 6, 8, 9, 10, 11, 12 and/or 13, as will be described below)
and may therefore generate an output voltage across load 600 for a significant proportion of the cycle,
therefore increasing the output voltage and power compared to those other forms of rectifier. In some
forms, however, the rectifiers 100 of Figures 14, 16 and 17 may be physically larger than rectifiers 100
disclosed herein comprising only single electrical switches 210, and the timing of activation/de-
activation of the switches 210 may not be as efficient as compared to forms of rectifier in which the
control mechanism 400 controlling the timing of activation/de-activation of switches is a separate part

of the rectifier (i.e. non-auto-synchronous forms).

In certain forms of the technology, the control mechanism 400 comprises one or more current flow
control devices in the form of a generator control switch 420 connected in parallel across the magnetic
field generator 310. In certain forms, the generator control switch 420 may be a switch in the form of a
transistor, for example a MOSFET or IGBT. Forms of rectifier 100 comprising generator control switches
420 are illustrated in Figures 19-22. In these forms, control mechanism 400 comprises a switch control
mechanism (not shown) configured to selectively open and close the generator control switches 420 in
order to activate / de-activate the magnetic field generator 310 connected in parallel with each
generator control switch 420 by allowing current to pass therethrough, or shorting the magnetic field
generator 310, respectively. While such a switch control mechanism introduces additional complexity to
the rectifier 100 compared to the rectifiers in which the current flow control device comprises one or
more diodes, the switch control mechanism allows active control of the electrical switches 210, which
may provide more flexibility and may allow greater efficiencies to be achieved in some forms of the

technology. Furthermore, only a single current supply 900 may be required.

The exemplary rectifiers 100 shown in Figures 19 and 20 are half-wave rectifiers. The form of rectifier

100 in Figure 19 comprises a single generator control switch 420 connected in parallel to the magnetic
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field generator 310. The control mechanism 400 is configured to selectively open and close switch 420
based on the phase of the alternating input current i; in order to half-wave rectify the current, in a
similar manner to that described above. In the form of half-wave rectifier 100 shown in Figure 20, and in
the forms of exemplary full-wave rectifiers 100 shown in Figures 21 and 22, the control mechanism 400
comprises a first switch 420a connected in parallel across one magnetic field generator 310a and a
second switch 420b connected in parallel across another magnetic field generator 310b. The control
mechanism 400 is configured to selectively open and close switches 420a and 420b based on the phase

of the alternating input current /; in order to rectify the current.

The exemplary forms of rectifier described above are forms in which the magnetic field generator
assembly 300 is energised by the alternating input current or a current based on the alternating input
current (including, for example: an alternating current split from the alternating input current at a
current divider; or an alternating current generated in the secondary side of a transformer from the
alternating input current in a primary side of the transformer). In other forms of the technology, the
magnetic field generator assembly 300 comprises one or more separate current / power sources 350.

Exemplary such forms of the technology are illustrated in Figures 23, 24, 26, 27, 29 and 30.

In the exemplary form of rectifier 100 shown in Figures 23 and 24, the magnetic fields Bapp: and Bapp2
applied to electrical switches 210 are generated by magnetic field generators 310a and 310b
respectively, and the coils 340a and 340b carry current supplied by current sources 350a and 350b
respectively. Control mechanism 400 (not shown) is configured to control the supply of current from
current sources 350a and 350b to the coils 340a and 340b to activate and de-activate the magnetic field

generators 310a and 310b in a desired manner.

Figure 25 illustrates measured magnitudes of the alternating input current i; in the primary coil 520 of
the transformer 510, alternating current i in the secondary coil 530 of the transformer 510, magnetic
field Bgpp2 generated by magnetic field generator 310b, magnetic field Bgyp1 generated by magnetic field
generator 310a, output voltage across the load 600 and current in the load 600 varying with time during
use of the exemplary half-wave rectifier 100 of Figures 23 and 24 according to one form of the
technology. The magnitude of the alternating input current /; may be controlled by the current supply
assembly 500 (not shown) to have the illustrated wave-profile, i.e. extended periods of constant voltage

at the current peaks, extended periods of dead-time at the zero crossings at which the alternating input
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current iz is zero and constant gradient transitions between the current levels. The control mechanism
400 may be configured to control the magnetic field generator 310b to apply a constant, non-zero
magnetic field to electrical switch 210b when current /; is positive and a zero magnetic field when
current iz is negative. The control mechanism 400 may be further configured to control the magnetic
field generator 310a to apply a constant, non-zero magnetic field to electrical switch 210a when current
i1 is negative and a zero magnetic field when current j; is positive, i.e. in anti-phase to the activation /
de-activation of magnetic field generator 310b. With these inputs, the output voltage across load 600
may be as illustrated in Figure 25, i.e. with a non-zero voltage across the load 600 when the alternating
current i; in the secondary coil 530 exceeds the critical current. If the load 600 comprises a length of
superconducting material maintained in its superconducting state (e.g. in a cryostat below its critical
temperature), the current in the load 600 may increase in step-like fashion (which may be described as

“pumping”) for each pulse of output voltage across the load 600, as shown in Figure 25.

In a similar way as explained in relation to a different form of the technology above, the control
mechanism 400 may control both switch 210a and switch 210b to be simultaneously in the low-
resistance state for some period of time in the alternating current cycle to ensure that a switch is in the
open configuration (i.e. the higher-resistance state) when the current through it is in the desired

direction.

Figures 28 and 31 illustrate exemplary magnitudes of the same variables as shown in Figure 25 (except
the alternating current i; in the secondary coil 530 of the transformer 510) during simulated use of the
exemplary full-wave rectifiers 100 of Figures 26 and 27 (in the case of Figure 28) and Figures 29 and 30
(in the case of Figure 31) according to certain forms of the technology. The effect of the exemplary full-
wave rectifiers 100 is similar to that described above in relation to the half-wave rectifier of Figures 23
and 24, only a non-zero voltage is generated across the load 600 at two stages in the cycle, i.e. when the
alternating current i, in the secondary coil 530 exceeds the critical current. Consequently the current in
superconducting load 600 is pumped twice per cycle. Again the control mechanism 400 may control the
two sets of switches to be simultaneously in the low-resistance state for some period of time in the
alternating current cycle to ensure that a switch is in the open configuration (i.e. the higher-resistance

state) when the current through it is in the desired direction.



10

15

20

25

30

WO 2022/164330 PCT/NZ2022/050009

33

Compared to the rectifiers shown in the earlier figures, the rectifiers 100 shown in Figures 23, 24, 26, 27,
29 and 30 may be able to operate more efficiently because the timing of switching of the switches may
be able to be controlled to increase efficiency. This may enable the rectifier to operate with a lower
cryogenic load to cool the superconducting materials and/or to increase the output power. The timing
of the switching may also be able to be controlled to achieve other objectives. On the other hand,
additional power supplies are needed, and the control mechanism is more complex, which may increase

the cost and lead to a larger physical size compared to the earlier described rectifiers.

6.9. Current Supply Assembly

Rectifiers 100 according to certain forms of the technology comprise a current supply assembly 500
configured to supply alternating current to the lengths of HTS material in the switching assembly 200.
The current supply assembly 500 may comprise an alternating current source 900. Alternatively or
additionally, the current supply assembly 500 may receive a supply of alternating current from an

external current source.

In the forms of the technology illustrated in Figures 3, 4, 5, 6, 8,9, 10, 11, 12 and 13, the rectifiers 100
comprise a current control mechanism configured to control the alternating current flowing through the
lengths of HTS material in the one or more electrical switches 210 (i.e. the alternating switch current)
such that, in each cycle of current, there is a first peak of the current when the current flows in one
direction (e.g. a positive direction) and a second peak of the current when the current flows in the
other, opposite, direction (e.g. a negative direction) and where the magnitude of the current at the first
peak is greater than the magnitude of the current at the second peak. In other words, the alternating
switch current is controlled to be asymmetric through its cycle. Furthermore, the current control
mechanism is configured so that the magnitude of the current at the first peak is greater than the critical
current /. of the length of the HTS material in the electrical switch 210 when the magnitude of the
magnetic field applied by the magnetic field generator 310 is relatively high and the magnitude of the
current at the second peak is less than the critical current /. of the length of the HTS material in the
electrical switch 210 when the magnitude of the magnetic field applied by the magnetic field generator

310 is relatively low.
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In certain forms of the technology, the current supply assembly 500 (represented in the figures by
alternating current source 900 but, as explained above, in other forms the current supply assembly 500
does not comprise a current source) comprises the current control mechanism and is configured to
control the alternating input current /; so that the alternating current flowing through the switches 210
is asymmetric as described above. In other forms of the technology, the current supply assembly 500
may supply a symmetric alternating input current i; and the current control mechanism receives the
symmetric alternating input current i; and provides the described asymmetric current to the switches

210.

Figure 4A is an illustration of three graphs relating to the form of rectifier 100 shown in Figures 3 and 4:

1) the variation of the alternating input current i; and the variation of the magnetic field Bgyp

applied by magnetic field generator 310 to the length of HTS material in switch 210 with time;

2) how the critical current /. of the length of the HTS material in the electrical switch 210 varies
with the magnetic field B,,, applied by magnetic field generator 310 to the length of HTS

material in switch 210; and

3) the variation of the voltage across the load 600 with time when the alternating input current

iz is supplied.

During the current cycle, as the current through the magnetic field generator 310 (and also the current
through the switch 210) increases, so does the magnitude of the magnetic field B, applied to the
switch 210. The increase in the magnetic field causes the critical current /. of the length of the HTS
material in the electrical switch 210 to decrease. The electrical switch 210 is put into the higher-
resistance state when the switch current exceeds the critical current /. of the length of the HTS material
in the electrical switch 210. The current in the electrical switch equal to the critical current /. is indicated
as i in Figure 4A. Therefore, the voltage across the load 600 is non-zero when the current in the switch
exceeds i, and in the example of Figure 4A this occurs in the positive part of the cycle because the
alternating input current i; is controlled so that the positive peak exceeds the critical current jx. In
Figure 4A, this current is shown as the alternating input current i; since all the input current is assumed

to flow through the electrical switch 210 when the switch is ‘closed’, i.e. in the low-resistance state.
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When the current is below i, the length of HTS material is in the low-resistance state so no current
flows through the load 600. Furthermore, since the alternating input current i; is controlled so that the
negative peak does not exceed the critical current i, (in magnitude), for all of the negative part of the
cycle the length of HTS material remains in the low-resistance state, meaning negligible current flows
through load 600. When repeated over multiple cycles a periodic positive voltage is produced across

load 600, thereby half-wave rectifying the alternating input current /.

Figure 7 is an illustration of four graphs showing the magnitudes of the following parameters varying

with time during use of the rectifier 100 shown in Figures 5 and 6:

1) the alternating input current i; supplied to magnetic field generator 310 and to the primary

coil 520 of transformer 510;

2) the alternating current i> generated in the secondary coil 530 of transformer 510;

3) the voltage across the load 600; and

4) the current in the load 600 (where the load 600 comprises a length of superconducting
material maintained in its superconducting state, e.g. in a cryostat below its critical

temperature).

In this example, the critical current /. of the length of the HTS material in the electrical switch 210 in the
absence of an externally applied magnetic field is 200A. The alternating current /> carried by the
electrical switch 210 does not exceed 200A at any point in its cycle so is not sufficient to put the switch
210 into the higher-resistance state. With the application of a magnetic field of 0.25T generated by
magnetic field generator 310, the critical current /. of the length of the HTS material in the electrical
switch 210 decreases to approximately 50A. In this case, once the alternating current /> carried by the
electrical switch 210 exceeds 50A, the switch 210 is switched into a higher-resistance state and a voltage
is generated across load 600. Since the alternating input current j;, and hence the alternating current i,
is asymmetric, the switch 210 is only switched into the higher-resistance state during a positive part of
the current cycle and the current is half-wave rectified. This results in a pumping of the current flowing

in the load 600.
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One advantage of the rectifiers 100 of the form of technology shown in Figures 3-6 is that the currents
required for switching the switches 210 of the rectifier are significantly lower than those that would be
required in the absence of an external magnetic field applied to the switches 210. This reduces the input
current demand and reduces losses in the rectifier 100, increasing efficiency when generating the same
level of current and voltage in the load 600. In the case of the parameters shown in Figure 7, for

example, the loss reduction is 75%.

As described above, in certain forms of the technology, the current control mechanism is configured to
control the alternating current flowing through the one or more electrical switches 210 to be
asymmetric and have the necessary peak magnitudes with respect to the critical current of the length of
HTS material. The current control mechanism may achieve this control of the current in any suitable
way. In certain forms the current control mechanism may comprise a programmable signal generator in
which a digital signal representative of the desired waveform is provided to a digital-to-analog converter
to generate an analog voltage signal with the appropriate asymmetric waveform. This analog voltage

signal may be provided to a power amplifier to generate an asymmetric alternating input current.

In certain forms of the technology the current supply assembly 500 may comprise a transformer 510, as
has already been described for many examples. The transformer may comprise a primary coil 520
connected to the current source 900 and a secondary coil 530 connected to the switching assembly 200.
The transformer 510 may comprise a magnetic core 540 on which the primary coil 520 and secondary
coil 530 are wound. In the rectifiers 100 of Figures 23, 24, 26, 27, 29 and 30, the alternating input
current iz is supplied to the primary coil 520 of transformer 510 and the secondary coil 530 is connected
to the switching assembly 200. In the rectifiers 100 of Figures 5, 6, 12, 14, 16, 17, 19, 20, 21 and 22 the
magnetic field generator(s) 310 (specifically the conductor forming coil 340) is connected to the primary
coil 520 of the transformer 510. In the rectifiers 100 of Figures 8, 9 and 13 the magnetic field
generator(s) 310 (specifically the conductor forming coil 340) is connected to the secondary coil 530 of
the transformer 510. In the rectifiers 100 of Figures 10 and 11, the transformer 510 and magnetic field
generator 310 are comprised of the same components, as described in more detail above. In certain
forms, the primary coil 520 may be formed from a normal conductor material and the secondary coil

530 may be formed from a superconducting material, for example a HTS material.
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The rectifiers 100 comprising transformers 510 according to certain forms of the technology may be
suitable for use in various applications, including superconducting magnets, superconducting motors /
generators, space propulsion systems, fusion reactors, research magnets, NMR, MRI, levitation, water
purification and induction heating, for example. The use of a transformer 510 in a rectifier enables two
parts of the rectifier to be physically separated, meaning that such rectifiers can be used as, or in, flux
pumps. The suitable form of rectifier for the application will depend on a variety of factors including
physical size constraints, cryogenic heat loads, output power, efficiency, cost and controllability. In
certain forms, the rectifiers 100 of Figures 5, 6, 8, 9, 10, 11, 12 and 13 may be considered suitable for
compact, simple and/or low cost applications where requirements on factors such as efficiency,
cryogenic heat load and output power may not be particularly demanding, for example some
superconducting motor / generator or laboratory superconducting power supply applications. In certain
forms, the rectifiers 100 of Figures 23, 24, 26, 27, 29 and 30 may be considered suitable for applications
requiring high efficiency, low cryogenic heat loads and/or high power output, for example space
propulsion or fast ramping large magnets. The rectifiers of other figures may be suitable for other

applications, for example.

6.10. Thermal Breaks

The electrical switches 210 and rectifiers 100 in certain forms of technology comprise components made
of superconducting materials, for example HTS materials. The superconducting materials must be
maintained in an environment having a temperature that is less than the critical temperature of the
superconducting material for the superconducting material to adopt the low-resistance
(“superconducting”) state. Rectifiers 100 according to forms of the technology may comprise a cryostat
700 configured to maintain the rectifier 100, or parts thereof, in a suitably cold environment with a
temperature less than the critical temperature of one or more of the superconducting materials in the

rectifier 100.

It may be costly in energy terms to maintain certain parts of the rectifier 100 at low temperaturesin a
cryostat 700 if this is not needed for the operation of the rectifier 100. However, maintaining some parts
of a rectifier 100 at a low temperature while others are maintained at a warmer temperature may result
in heat losses from the cryostat 700, increasing energy cost. Consequently certain forms of the

technology comprise one or more thermal breaks 710 to thermally insulate one or more parts of the
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rectifier 100 from one or more other parts of the rectifier 100 in order to reduce the flow of thermal

energy where it is desirable to maintain different parts at different temperatures.

Forms of the technology are not limited by the form or configuration of the thermal breaks 710. In
certain forms a thermal break 710 comprises one or more elements formed of thermally insulating
material. Additionally, or alternatively, a thermal break 710 may comprise regions of vacuum.

Additionally, or alternatively, a thermal break 710 may comprise one or more radiation shields.

Figure 32 is a schematic illustration of a transformer 510 according to certain forms of the technology.
The transformer 510 may comprise any one or more of the following different types of thermal break

710:

1) A thermal break 710a may be positioned between the primary coil 520 and the magnetic core

540;

2) A thermal break 710b may be positioned between a first part of the magnetic core 540a and a
second part of the magnetic core 540b. In certain forms, the primary coil 520 may be wound
around the first core part 540a and the secondary coil 530 may be wound around the second

core part 540b; and

3) A thermal break 710c may be positioned between the secondary coil 530 and the magnetic

core 540.

Figure 33 is a schematic illustration of a transformer 510 according to certain forms of the technology in
which the transformer 510 has a co-axial geometry and the primary coil 520 and the secondary coil 530
are co-wound, with one of the coils being wound closer to the axis than the other coil. Such a
transformer 510 may comprise a thermal break 710d between the primary coil 520 and the secondary

coil 530.

Similarly, any one or more of the magnetic field generators 310 of the rectifier 100 may comprise one or

more thermal breaks 710, for example: a thermal break between a first part of the magnetic core 320a
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and a second part of the magnetic core 320b; and a thermal break between the magnetic core 320 and

the coil 340 of conductor wound around the magnetic core 320.

Forms of the technology envisage that rectifiers 100 may be configured to include thermal breaks 710 at
any number of locations where necessary to provide thermal insulation between a ‘cold’ environment to

enable superconducting behaviour and a ‘warm’ environment.

One example of a rectifier 100 comprising thermal breaks 710 is illustrated in Figure 34. In Figure 34, the
magnetic cores of each of a transformer 510 and first and second magnetic field generators 310 are split
into two core parts, with each magnetic core having one of the core parts located inside a cryostat 700
and the other core part located outside the cryostat 700. The two parts of each magnetic core are
magnetically coupled together. The inside of the cryostat 700 is maintained at a temperature sufficiently
low to enable the lengths of the superconducting material positioned inside the cryostat 700, including
those forming electrical switches 210, to operate in the low-resistance, or superconducting, state. The
walls of the cryostat 700 therefore form the thermal breaks 710. The layout of the rectifier 100 in Figure

34 is otherwise similar to that of the rectifier 100 shown in Figures 26 and 27.

Another example of a rectifier 100 comprising thermal breaks 710 is illustrated in Figure 35. This form
again illustrated a rectifier 100 having a layout similar to that of the rectifier 100 shown in Figures 26
and 27. In this form, all of the magnetic cores 320 and 540 of the magnetic field generators 310 and the
transformer 510 are located inside the cryostat 700. The magnetic cores of each of the transformer 510
and first and second magnetic field generators 310 and 310 are split into two core parts, with the two
core parts in each magnetic core being separated by a thermal break 710. The two parts of each
magnetic core are magnetically coupled together. Conductors connecting to the primary coil 520 of the
transformer and to the coils 340 of the magnetic field generators 310 pass through the walls of the

cryostat 700.

6.11.  Bifilar Arrangement

Forms of the technology have been described that relate to electrical switches 210 that utilise the
principle that the critical current of a superconducting material decreases as a higher external magnetic

field is applied to the material. One exemplary electrical switch 210a is illustrated in Figure 24. The
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electrical switch 210a in Figure 24 comprises a length of superconducting material arranged in a bifilar
arrangement. Another electrical switch 210 comprising a length of superconducting material arranged in
a bifilar arrangement is shown in Figure 36. This aspect of the technology will now be described in more

detail.

It should be understood that, while a bifilar arrangement of the length of superconducting material is
described in relation to the forms of electrical switch 210 shown in Figures 24, 36A and 36B, the bifilar
arrangement may also be applied to other forms of the technology. In particular, any of the electrical
switches 210 described in this specification may, in alternative forms of the technology, comprise a
length of superconducting material arranged in a bifilar arrangement. Furthermore, any electrical switch
210 incorporated into any rectifier 100 according to forms of the technology may comprise a length of

superconducting material arranged in a bifilar arrangement.

In the context of this specification, unless otherwise stated, a “bifilar arrangement” should be
understood to mean an arrangement of two strands of a conductor in which the two strands of the
conductor are substantially parallel and electrically connected so that current flows through the strands
in opposite directions. The strands may be closely adjacent to each other. The strands may be two
sections of a length of superconducting material that is doubled back on itself. Alternatively, the two
strands may be separate lengths of superconducting material that are electrically connected together,

for example by soldering, diffusion joint or other suitable form of electrical connection.

It should also be understood that, in certain forms of the technology, multiple bifilar strands may be
used. Therefore, unless the context clearly requires otherwise, where a bifilar arrangement is described,

other forms of the technology may include a similar arrangement with multiple bifilar strands.

More particularly, for example referring to the form of the technology illustrated in Figure 36A, in one
form of bifilar arrangement, an electrical switch 210 comprises a length 800 of superconducting
material. The length 800 of superconducting material comprises two strands (i.e. sub-lengths) 810a and
810b of superconducting material. The two strands 810a and 810b are connected in series to each
other. The length 800 of superconducting material is arranged so that it doubles back on itself and the
two strands 810a and 810b are spatially arranged substantially parallel to each other. In this

arrangement, when the length 800 of superconducting material is carrying a transport current, the
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current in the first strand 810a flows in the opposite direction to the current in the second strand 810b.
A fold region 820 (which may take the form of a loop) of the length 800 of superconducting material
may separate the two strands 810a and 801b along the length of the length 800 of superconducting

material.

In the alternative form of the technology shown in Figure 36B, electrical switch 210 comprises two
separate strands 810a and 810b of superconducting material. One end of each of the two strands 810a
and 810b are electrically connected together at electrical connection 820b and the two strands are in a
bifilar arrangement. Again, in this arrangement, when the length 800 of superconducting material is
carrying a transport current, the current in the first strand 810a flows in the opposite direction to the
current in the second strand 810b. The electrical connection 820b may be a solder joint, a diffusion

joint, or any suitable electrical joint.

In the forms of the technology shown in Figures 36A and 36B, the two strands 810a and 810b may also
be arranged closely adjacent to each other. An insulation coating may be applied to one or both of the
strands 810a and 810b and the insulating coatings of the strands may be in contact with each other.
Alternatively, an insulating layer may be placed between the two strands 810a and 810b in contact with
one or both strands. The insulating layer may be formed of an insulating tape, for example Kapton or

Nomex tape.

In certain forms of the technology, the length 800 of superconducting material may take the form of a
tape, i.e. a length of material having a length that is significantly larger than its width and its depth, and
a width that is significantly larger than its depth. The tape may have two substantially parallel opposed
faces, where the faces are separated by the depth of the tape. The strands may be arranged so that the
opposed faces of one strand 810a are parallel with the opposed faces of the other strand 810b. In the
form of the technology shown in Figure 36B, each of the two strands 810a and 810b may take the form
of a tape. The two separate strands may be electrically connected (e.g. soldered) face-to-face at one end
to form an electrically continuous joint 820b. This arrangement may reduce the inductance of electrical
switch 210, although this benefit may be achieved at the expense of a small increase in the resistance of
the low-resistance state. Alternatively, a single length of superconducting material (e.g. tape) may be

arranged with the two strands 10a and 810b as adjacent sections of the length joined end-to-end.
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In certain forms of the technology, the length 800 of superconducting material may be a length of high

temperature superconducting (HTS) material, as explained earlier.

As shown in the forms of the technology in Figures 24 , 36A and 36B, an electrical switch 210 of certain
forms of the technology may be arranged such that a magnetic field generator 310 is able to be
activated to apply a magnetic field to the two strands 810a and 801b of superconducting material. The
magnetic field generator 310 may take the form of any of the magnetic field generators described
earlier in this specification. The magnetic field generator 310 may be selectively controlled to selectively
generate a magnetic field in order to cause the electrical switch 210 to move between a low-resistance

state and a higher-resistance state in the manner explained earlier.

In certain forms, the magnetic field generator 310 comprises a magnetic core 320. The core 320 may be
a high-permeability magnetic core such as a ferromagnetic core, for example a ferrite core (e.g. an iron
core) or a laminated steel/iron core. In the exemplary form shown in Figure 24, the magnetic core 320a
is a substantially ring-shaped solid core, for example a circular ring. In other forms, the core may have a
different shape, for example a square-shaped ring having rounded corners. In the exemplary forms, the
magnetic core 320 comprises first and second ends separated by a gap 330. The gap 330 may be a space

in a solid magnetic core 320, for example a space in one side of a ring core.

In certain forms, the electrical switch 210 is arranged so that the magnetic field generated by the
magnetic field generator 310 is substantially perpendicular to the opposed faces of the strands 810a and
801b. That is, the lines of magnetic flux of the magnetic field are substantially perpendicular to the faces

of the strands 810a and 801b where the lines of flux intersect the strands.

In certain forms of the technology, the width of the gap 330 is similar to the combined depth of the two
strands 810a and 810b, i.e. there is relatively little air gap separating each of the strands 810a and 810b

from the respective end of the core 330 nearest to the strand.

One benefit of an electrical switch 210 comprising a bifilar arrangement of a length of superconducting
material is that the inductance of the switch is reduced compared to a similar switch with a single length

of superconducting material. One practical advantage of this may be that a coil 340 of the magnetic field
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generator 310 applying a magnetic field to the electrical switch 210 may have fewer turns than would

otherwise need to be the case.

Another benefit of an electrical switch 210 comprising a bifilar arrangement of a length of
superconducting material is that it assists in reducing suppression of the critical current of the length of
superconducting material when the magnetic field applied to the length of superconducting material is
low, for example zero. This leads to a higher critical current for the low-resistance state of the switch

210. This effect will now be explained in more detail.

Forms of the technology described above comprise electrical switches 210 in which a magnetic field is
applied to a length of superconducting material in order to suppress the critical current in the length of
superconducting material. This effect is used in some forms of the technology to transition the length of
superconducting material between a low-resistance state and a higher-resistance state. The magnetic
field generator 310 that generates the magnetic field may comprise a high-permeability core 320, for
example a ferromagnetic core, which may be used to focus the magnetic field onto the length of

superconducting material.

It has been observed that, when a single length of superconducting material carrying a transport current
is placed proximate a ferromagnetic core, there is additional suppression of the critical current, even
when the strength of the magnetic field is low, including zero. In fact, the relative additional suppression
of the critical current as a result of this effect is greater when the applied magnetic field strength is
lower. This is due to a self-field magnification effect caused by the proximity of ferromagnetic material
in the core 320 to the superconducting material when current is flowing. More particularly, it has been
identified, through experimentation and finite element analysis, that the presence of a low-reluctance
return path through the ferromagnetic core 320 causes the self-field of a unifilar length of
superconducting material to be amplified and, where the unifilar length of superconducting material is
in the form of a tape, to be oriented perpendicular to the tape and to be spread across its width. This
causes suppression of the critical current density of each point across the width of the tape, and hence

suppression of the total critical current compared to when no ferromagnetic core is present.

It has further been identified that an electrical switch 210 in which the length of superconducting

material is arranged in a bifilar arrangement significantly mitigates against this effect, i.e. it reduces the
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described suppression of the critical current. Put another way, the bifilar arrangement substantially
cancels the self-magnetic field generated by the current flowing through the length of superconducting
material when in proximity to the ferromagnetic core 320. Figure 37 illustrates the critical current of a
length of superconducting material in an electrical switch 210 according to a form of the technology at
different applied fields and when the length of superconducting material is arranged in a bifilar
arrangement (blue, top line) and a unifilar arrangement (orange, bottom line), i.e. a single layer of a
length of superconducting material. These experimental results are compared to reference values for
the superconducting material from a database (green, dashed, middle line). This illustrates that the
suppression of the critical current at low applied fields is very low for the bifilar arrangement compared
to the unifilar arrangement. The difference is less significant at higher applied fields where the applied
magnetic field is significantly larger than any self-field effects. The relatively small difference in the
critical current at higher applied fields may be due to an increase in the shielding capability of the two-
layer bifilar arrangement compared to the single layer unifilar arrangement. It should be appreciated
that the length of superconducting material may be maintained in a superconducting state at all times in

certain forms of the technology.

A greater difference between the critical current for low applied magnetic fields compared to high
applied magnetic fields means that an electrical switch 210 comprising a length of superconducting
material in a bifilar arrangement may have an improved switching performance compared to, for
example, a switch with a unifilar arrangement. The switching performance may be given by a switching
factor k, which may calculated as the ratio of the critical current when the magnetic field is zero to the
critical current when the magnetic field is applied, i.e. I.(0) / /. »(Bs). It can be seen from Figure 37 that
is greater for the bifilar arrangement than the unifilar arrangement. A higher switching factor k means a
more efficient switch, as long as the transport current is lower than /.(0). Also, a higher critical current in

the low resistance state enables the electrical switch 210 to output a higher maximum current.

Figures 38A and 38B show magnetic field profiles within the gap between the ends of the ferromagnetic
core 320 for electrical switches 210 according to certain forms of the technology. The electrical switch
210 comprises a length 810 of superconducting material in the form of a tape positioned between two
ends of a ferromagnetic core 320. The magnetic field profiles are generated by finite element analysis. In
Figure 38A the tape is arranged in the gap 330 between the ends of the core 320 in a unifilar

arrangement, i.e. a single length of tape passes through the gap 330. In Figure 38A, the tape is modelled
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as carrying a current of 195 A and the magnetic field applied to the tape is modelled as having a
magnetic field strength of 250 mT. In Figure 38B the tape is arranged in the gap 330 between the ends
of the core 320 in a bifilar arrangement, i.e. two strands of the tape are arranged in the gap 330 parallel
to each other and closely adjacent. In Figure 38B, the tape is modelled as carrying a current of 375 A and

the magnetic field applied to the tape is modelled as having a magnetic field strength of 70 mT.

Figures 38A and 38B show that the average magnetic field magnitude in the form of the technology in
which the length of superconducting material is arranged in a unifilar arrangement (Figure 38A) is
significantly greater than that in the form of the technology in which the length of superconducting
material is arranged in a bifilar arrangement (Figure 38B). In fact, the bifilar arrangement almost
eliminates the tape’s self-inductance and the remaining magnetic field on the tape is largely in a
direction parallel to the face of the tape. This explains why the critical current of the bifilar arrangement

at zero applied field is significantly larger than for the unifilar tape (as shown in Figure 37).

It has also been identified that, the larger the gap 330 between the ends of the core 320, the lower the
magnetic field strength of the applied field. This means that, if the gap 330 is increased, a larger current
supply may be needed to be supplied to the magnetic field generator in order to maintain the same
magnetic field strength. This may be undesirable as it requires additional driving power and dissipates
additional heat. Consequently, in certain forms of the technology, the size of the gap 330 may be as
small as practically possible, for example the width of the gap 330 is similar to the combined depth of

the two strands of the length 810 of superconducting material.

6.12. Other Remarks

Unless the context clearly requires otherwise, throughout the description and the claims, the words

“comprise”, “comprising”, and the like, are to be construed in an inclusive sense as opposed to an

exclusive or exhaustive sense, that is to say, in the sense of “including, but not limited to”.

The entire disclosures of all applications, patents and publications cited above and below, if any, are

herein incorporated by reference.
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Reference to any prior art in this specification is not, and should not be taken as, an acknowledgement
or any form of suggestion that that prior art forms part of the common general knowledge in the field of

endeavour in any country in the world.

The technology may also be said broadly to consist in the parts, elements and features referred to or
indicated in the specification of the application, individually or collectively, in any or all combinations of

two or more of said parts, elements or features.

Where in the foregoing description reference has been made to integers or components having known

equivalents thereof, those integers are herein incorporated as if individually set forth.

It should be noted that various changes and modifications to the presently preferred embodiments
described herein will be apparent to those skilled in the art. Such changes and modifications may be
made without departing from the spirit and scope of the technology and without diminishing its
attendant advantages. It is therefore intended that such changes and modifications be included within

the present technology.
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Claims

An electrical switch comprising:

first and second strands of superconducting material, each of the first and second
strands of superconducting material being configured to carry a transport current and having a
critical current; and

a magnetic field generator configured and arranged to apply a magnetic field to the first
and second strands of superconducting material, wherein the magnetic field generator
comprises a high permeability magnetic core,

wherein the magnetic field generator is configured to be selectively controlled to switch
the electrical switch between a low-resistance state when a magnitude of the magnetic field is
relatively low and a higher-resistance state when a magnitude of the magnetic field is relatively
high, wherein in the low-resistance state the transport current is substantially less than the
critical current, and in the higher-resistance state the transport current approaches the critical
current, is substantially equal to the critical current or is greater than the critical current, and

wherein the first and second strands of superconducting material are spatially arranged
substantially parallel to each other within a region of the magnetic field and are electrically
connected so that the transport current flows in opposite directions through the first and

second strands of superconducting material within the region of the magnetic field.

The electrical switch as claimed in claim 1, wherein the high permeability magnetic core
comprises a first end and a second end separated by a gap, the first and second strands of

superconducting material being positioned in the gap.

The electrical switch as claimed in any one of claims 1 to 2, wherein the first and second strands

of superconducting material are in the form of tapes each having two opposed faces.

The electrical switch as claimed in claim 3, wherein the tapes are arranged so that the opposed
faces of the first strand of superconducting material are parallel with the opposed faces of the

second strand of superconducting material.
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The electrical switch as claimed in claim 4, wherein the tapes are oriented such that the
magnetic field applied to the first and second strands of superconducting material is

substantially perpendicular to each of the two opposed faces.

The electrical switch as claimed in any one of claims 1 to 5, wherein the electrical switch
comprises a single length of superconducting material comprising the first and second strands of

superconducting material integrally joined end-to-end.

The electrical switch as claimed in any one of claims 1 to 5, wherein the first and second strands
of superconducting material are electrically connected by connecting a face of the first strand to

a face of the second strand.

The electrical switch as claimed in any one of claims 1 to 7, wherein the superconducting

material is high temperature superconducting (HTS) material.

A rectifier configured to rectify an alternating input current, the rectifier comprising:

an electrical switch comprising a length of high temperature superconducting (HTS)
material configured to carry an alternating switch current, wherein the length of HTS material
has a critical current;

a magnetic field generator configured and arranged to apply a magnetic field to the HTS
material; and

a control mechanism to control the magnetic field generator to switch the electrical
switch between a low-resistance state when a magnitude of the magnetic field is relatively low
and a higher-resistance state when a magnitude of the magnetic field is relatively high, the
relatively high magnitude being sufficient to reduce the critical current of the length of HTS
material so that, for a part of a cycle of the alternating switch current, the alternating switch
current approaches the critical current, is substantially equal to the critical current or is greater
than the critical current,

wherein the electrical switch is arranged to rectify the alternating input current to

produce a direct current output.
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A rectifier as claimed in claim 9, wherein the electrical switch is arranged to half-wave rectify the
alternating input current, wherein the direct current output is delivered to a load connected in

parallel across the electrical switch.

A rectifier as claimed in any one of claims 9-10, wherein the control mechanism is configured to
control the magnetic field generator such that the magnitude of the magnetic field is based on a

phase of the alternating input current.

A rectifier as claimed in claim 11, wherein the control mechanism supplies an alternating
generator current to the magnetic field generator such that the magnitude of the magnetic field

varies in phase with a phase of the alternating switch current.

A rectifier as claimed in claim 12, wherein the rectifier comprises a current control mechanism
to control the alternating switch current such that a first peak current of the alternating switch
current when the alternating switch current flows in a first direction approaches, is substantially
equal to, or is greater than the critical current of the length of the HTS material when the
magnitude of the magnetic field applied by the magnetic field generator is relatively high, and a
second peak current when the alternating switch current flows in a second direction is less than
the critical current of the length of the HTS material when the magnitude of the magnetic field
applied by the magnetic field generator is relatively low, the second direction being opposite the

first direction.

A rectifier as claimed in any one of claims 11-12, wherein the magnetic field generator
comprises:

a magnetic core forming a gap; and

a conductor wound around a part of the magnetic core in a coil, the conductor carrying
the alternating generator current,

wherein the length of HTS material is positioned in the gap.

A rectifier as claimed in claim 14, wherein the alternating input current is supplied directly to
the conductor as the alternating generator current, and wherein the alternating switch current

is based on the alternating input current.
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A rectifier as claimed in claim 14, wherein the rectifier comprises a transformer, the transformer
comprising a primary side and secondary side, wherein the primary side receives the alternating

input current and the secondary side is connected to the electrical switch.

A rectifier as claimed in claim 16, wherein the conductor is connected to the primary side of the

transformer.

A rectifier as claimed in claim 16, wherein the conductor is connected to the secondary side of

the transformer.

A rectifier as claimed in claim 16, wherein the transformer comprises the magnetic core forming

the gap.

A rectifier as claimed in claim any one of claims 14-19, wherein the control mechanism
comprises a current flow control device configured to control the alternating generator current

through the magnetic field generator.

A rectifier as claimed in claim 20, wherein the current flow control device comprises a diode
connected in parallel across the magnetic field generator such that the magnetic field generator
is activated when the alternating generator current flows in a first direction and the magnetic
field generator is de-activated when the alternating generator current flows in a second

direction, the second direction being opposite to the first direction.

A rectifier as claimed in claim 20, wherein the current flow control device comprises a generator
control switch connected in parallel across the magnetic field generator such that the magnetic
field generator is activated when the generator control switch is open and the magnetic field
generator is de-activated when the generator control switch is closed, wherein the control
mechanism comprises a controller configured to control the opening and closing of the

generator control switch.

A rectifier as claimed in any one of claims 9-22, wherein the rectifier comprises:



10

15

20

25

30

WO 2022/164330 PCT/NZ2022/050009

24.

25.

26.

51

at least one further electrical switch comprising a further length of high temperature
superconducting (HTS) material configured to carry a further alternating switch current, wherein
the length of HTS material has a critical current;

for each of the at least one further electrical switch, a further magnetic field generator
configured and arranged to apply a further magnetic field to the further length of HTS material,

wherein the control mechanism is configured to control the further magnetic field
generator to switch the respective further electrical switch between a low-resistance state when
a magnitude of the further magnetic field is relatively low and a higher-resistance state when a
magnitude of the further magnetic field is relatively high, the relatively high magnitude being
sufficient to reduce the critical current of the further length of HTS material so that, for a part of
a cycle of the alternating switch current, the alternating switch current approaches the critical
current, is substantially equal to the critical current or is greater than the critical current,

wherein the at least one further electrical switch is arranged to operate with the

electrical switch to rectify the alternating input current to produce the direct current output.

A rectifier as claimed in claim 23, wherein the control mechanism is configured to activate and
de-activate each of the respective magnetic field generators to switch the respective electrical
switches between the low-resistance state when the respective magnetic field generator is de-
activated and the higher-resistance state when the respective magnetic field generator is

activated.

A rectifier as claimed in claim 24, wherein the further magnetic field generators comprises a
second magnetic field generator, wherein the control mechanism is configured such that the
magnetic field generator is activated when the second magnetic field generator is de-activated
and the magnetic field generator is de-activated when the second magnetic field generator is

activated.

A rectifier as claimed in any one of claims 23-25, wherein the at least one further electrical
switch comprises a second electrical switch, and wherein the electrical switch and the second
electrical switch are connected in series and the direct current output is delivered to a load

connected in parallel across one of the switches.
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A rectifier as claimed in any one of claims 23-25, wherein the at least one further electrical
switch comprises a second electrical switch, and wherein the electrical switch and the second

electrical switch are arranged to full-wave rectify the alternating input current.

A rectifier as claimed in claim 26, wherein the electrical switch and the second electrical switch
are connected in series and the direct current output is delivered to a load connected in parallel

between the two electrical switches.

A rectifier as claimed in any one of claims 23-28, wherein the at least one further electrical
switch comprises second, third and fourth electrical switches, wherein a first pair of electrical
switches comprises the electrical switch connected in series to the second electrical switch, and
a second pair of electrical switches comprises the third electrical switch connected in series to
the fourth electrical switch, the first pair of electrical switches being connected in parallel to the
second pair of electrical switches, and wherein the direct current output is delivered to a load
connected between a first terminal and a second terminal, wherein the first terminal is between
the electrical switch and the second electrical switch and the second terminal is between the

third electrical switch and the fourth electrical switch.

A rectifier as claimed in claim 14, wherein the magnetic core comprises a first core part and a
second core part, wherein the first core part and second core part are separated by a thermal

break.

A rectifier as claimed in claim 16, wherein the transformer comprises a magnetic core
comprising a first core part and a second core part, wherein the primary side comprises the first
core and the secondary side comprises the second core part, wherein the first core part and

second core part are separated by a thermal break.

A rectifier as claimed in claim 30 or 31, wherein the first core part is located outside a cryostat

and the second core part is located inside the cryostat.

A rectifier as claimed in claim 14, wherein the magnetic field generator comprises a thermal

break between the magnetic core and the conductor.
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34. Arectifier as claimed in claim 16, wherein the transformer comprises a magnetic core and a
thermal break between the magnetic core and one or more conductors forming the primary

side and/or the secondary side.

35. Arectifier as claimed in claim 33 or 34, wherein the thermal break comprises thermally

insulating material.

36. Arectifier as claimed in any one of claims 9-35, wherein the electrical switch is the electrical

10 switch according to any one of claims 1-8.
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1. I:I Claims Nos.:
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2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
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3. D Claims Nos:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box for Details

As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite
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As only some of the required additional search fees were timely paid by the applicant, this international search report
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restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
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Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable,

the payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.
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No protest accompanied the payment of additional search fees.
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Supplemental Box

Continuation of: Box III
This International Application does not comply with the requirements of unity of invention because it does not relate to one
invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims into distinct
groups:

e Group 1: Claims 1 to 8 are directed to an electrical switch. The features of a second strand of superconducting material; a
transport current; wherein the magnetic field generator comprises a high permeability magnetic core; wherein in the low-
resistance state the transport current is substantially less than the critical current; and wherein the first and second strands
of superconducting material are spatially arranged substantially parallel to each other within a region of the magnetic field
and are electrically connected so that the transport current flows in opposite directions through the first and second strands
of superconducting material within the region of the magnetic field are specific to this group of claims.

e Group 2: Claims 9 to 36 are directed to a rectifier configured to rectify an alternating input current. The features of high
temperature superconducting material; an alternating switch current; the relatively high magnitude (of the magnetic field)
being sufficient to reduce the critical current of the length of HTS material; and wherein the electrical switch is arranged to
rectify the alternating input current to produce a direct current output are specific to this group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship among the
claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule 13.2, second sentence,
defines a special technical feature as a feature which makes a contribution over the prior art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art but are not
common to all the claimed inventions and therefore cannot provide the required technical relationship. The only features common to
all of the claimed inventions and which provide a technical relationship among them are an electrical switch comprising a first
strand of superconducting material; the superconducting material being configured to carry a current and having a critical current; a
magnetic field generator configured and arranged to apply a magnetic field to the superconducting material; wherein the magnetic
field generator is configured to be selectively controlled to switch the electrical switch between a low-resistance state when a
magnitude of the magnetic field is relatively low and a higher-resistance state when a magnitude of the magnetic field is relatively
high; and in the higher-resistance state the current approaches the critical current, is substantially equal to the critical current or is
greater than the critical current.

However these features do not make a contribution over the prior art because they are disclosed in:

US 2002/0017970 A1 (KINDER) 14 February 2002: Figures 1, 3-4, 6 and paras [0005], [0013], [0025], [0038]. See also references
for D2-D5 in Box C of the International Search Report.

Therefore in the light of these documents these common features cannot be special technical features. Therefore there is no special

technical feature common to all the claimed inventions and the requirements for unity of invention are consequently not satisfied a
posteriori.
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X Abstract, figures 1-2, paras [0015]-[0017], [0024]-[0026], Machine Translation from 1-8
Google Patents

A 9-36
US 4016526 A (GAMET et al.) 05 April 1977

X Abstract, figure 1, col 1 Ins 41-64, col 2In 5 - col 3 In 38 1-8

A 9-36
US 2017/0069415 A1 (FORSCHUNGSZENTRUM JUELICH GMBH) 09 March 2017

A 1-36
US 2018/0218818 A1 (MAGNIFYE LIMITED) 02 August 2018

A 1-36
WO 2010/090368 Al (INDUSTRY- ACADEMIC COOPERATION FOUNDATION,
YONSEI UNIVERSITY) 12 August 2010

A 1-36
JP 2012-238717 A (RAILWAY TECHNICAL RES INST) 06 December 2012

A Machine Translation from Google Patents 1-36

Form PCT/ISA/210 (fifth sheet) (July 2019)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/NZ2022/050009

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report Patent Family Member/s
Publication Number Publication Date Publication Number Publication Date
US 2002/0017970 Al 14 February 2002 US 2002017970 A1 14 Feb 2002

US 6894406 B2 17 May 2005
DE 10122085 Al 06 Dec 2001
GB 2365237 A 13 Feb 2002
GB 2365237 B 29 Dec 2004
JPH10-107331 A 24 April 1998 JPH10107331 A 24 Apr 1998
IP H10-107330 A 24 April 1998 JP H10107330 A 24 Apr 1998
JP 3856876 B2 13 Dec 2006
US 4016526 A 05 April 1977 US 4016526 A 05 Apr 1977
DE 2516661 Al 30 Oct 1975
FR 2268373 A1 14 Nov 1975
FR 2268373 B1 07 Jul 1978
GB 1488417 A 12 Oct 1977
US 2017/0069415 Al 09 March 2017 US 2017069415 A1 09 Mar 2017
US 10497503 B2 03 Dec 2019
DE 102014003536 Al 17 Sep 2015
EP 3117443 Al 18 Jan 2017
EP 3117443 B1 01 Sep 2021
JP 2017511600 A 20 Apr 2017
IP 6549607 B2 24 Jul 2019
WO 2015135513 Al 17 Sep 2015
US 2018/0218818 Al 02 August 2018 US 2018218818 A1l 02 Aug 2018
US 10269478 B2 23 Apr 2019
CN 107924744 A 17 Apr 2018
CN 107924744 B 04 Jun 2021
EP 3329501 A1l 06 Jun 2018
EP 3329501 B1 23 Feb 2022
JP 2018530926 A 18 Oct 2018
IP 6824983 B2 03 Feb 2021
KR 20180044297 A 02 May 2018
WO 2017021674 Al 09 Feb 2017

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2019)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/NZ2022/050009

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date
WO 2010/090368 Al 12 August 2010 WO 2010090368 Al 12 Aug 2010

KR 20100090993 A 18 Aug 2010

KR 100994971 B1 18 Nov 2010

JP2012-238717 A 06 December 2012 JP 2012238717 A 06 Dec 2012

End of Annex

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - claims
	Page 55 - claims
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - wo-search-report
	Page 89 - wo-search-report
	Page 90 - wo-search-report
	Page 91 - wo-search-report
	Page 92 - wo-search-report
	Page 93 - wo-search-report
	Page 94 - wo-search-report

