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VACUUM INTERRUPTER
Related Application
[0001] This patent application claims priority to United States Patent Application No.

11/758,136, entitled “Vacuum Fault Interrupter,” filed June 5, 2007, and United States Patent

Application No. 11/881,952, entitled “Contact Backing for a Vacuum Interrupter,” filed July
30, 2007.

Background

[0002] This description relates to vacuum interrupters, such as axial magnetic field

vacuum Interrupters.

Summary of the Invention

In one aspect of the present invention, there i1s provided a vacuum interrupter,
comprising: an electrode assembly comprising an electrical contact; an insulator comprising
electrically-insulating material disposed substantially around the electrode assembly; and a shield
disposed between the insulator and the electrode assembly and configured to prevent arc plasma
from the electrical contact of the electrode assembly from depositing on at least a portion of a
surface of the insulator, the shield comprising a first segment configured to align the shield with
the insulator, a second segment that extends away from the insulator, and a final segment that
extends towards the insulator and comprises a tip of the shield, the final segment not extending
towards the second segment and the tip of the shield disposed at approximately a 90 degree angle
relative to a longitudinal axis of the electrode assembly, wherein an axial distance between the
first segment and the final segment is greater than an axial distance between the first segment and
the second segment; and wherein a line perpendicular to and extending through the longitudinal
axi1s of the electrode assembly extends through the tip and intersects the shield in only two

locations 1n a cross-section of the shield.

In another aspect of the present invention, there 1s provide a shield of a vacuum
interrupter, comprising: an elongated member comprising two portions convening at a point, each

of the portions comprising a first segment configured to extend away from an insulator of a
-1 -
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vacuum fault interrupter and a final segment disposed adjacent the first segment and configured to
extend towards the insulator, the final segment of each of the portions comprising a tip of the
respective portion, each final segment not extending towards the first segment of its respective
portion and the tip of each respective portion disposed at approximately a 90 degree angle relative
to a longitudinal axis of the electrode assembly, wherein an axial distance between the point and
the final segment 1s greater than an axial distance between the point and the first segment, wherein
the elongated member 1s configured to prevent arc plasma from electrical contacts of an electrode
assembly of the vacuum interrupter from depositing on at least a portion of a surface of the
insulator; and wherein a line perpendicular to and extending through the longitudinal axis of the
electrode assembly extends through the tip and intersects the shield in only two locations in a

cross-section of the shield.

In yet another aspect of the present invention, there is provided a vacuum

interrupter comprising the shield as described above.

In yet another aspect of the present invention, there is provided a vacuum fault

interrupter comprising the shield as described above.

In yet another aspect of the present invention, there is provided a power
distribution system, comprising: a distribution power line configured to provide power to at least
one customer; and a switchgear coupled to the distribution power line and configured to isolate a
current fault in the distribution power line, the switchgear comprising: a vacuum interrupter

comprising: an electrode assembly comprising an electrical contact, an insulator comprising

electrically-insulating material disposed substantially about the electrode assembly, and a shield
disposed between the insulator and the electrode assembly and configured to prevent arc plasma
from the electrical contact of the electrode assembly from depositing on at least a portion of a
surface of the insulator, the shield comprising a first segment configured to align the shield with
the insulator, a second segment extending away from the insulator, and a final segment extending
towards the 1nsulator and comprising a tip of the shield, the final segment not extending towards
the second segment, wherein an axial distance between the first segment and the final segment is
greater than an axial distance between the first segment and the second segment, the tip not

extending towards the second segment and the tip disposed at approximately a 90 degree angle
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relative to a longitudinal axis of the electrode assembly, wherein a line perpendicular to and
extending through the longitudinal axis of the electrode assembly extends through the tip and

intersects the shield in only two locations in a cross-section of the shield.

In yet another aspect of the present invention, there is provided an electrode
assembly ot a vacuum interrupter, comprising: an electrical contact; a coil conductor; and a
conductive circular member disposed between the electrical contact and the coil conductor,
the conductive circular member comprising a first portion defined by a first diameter and a
second diameter, the second diameter being larger than the first diameter and being
substantially equal to an outside diameter of the coil conductor, the outside diameter of the
coil conductor defining at least a portion of an outer periphery of the electrode assembly, and
a second portion defined by the second diameter and a third diameter, the third diameter
comprising a largest diameter of the circular member, the third diameter being larger than the
second diameter and being substantially equal to an outside diameter of the electrical contact,
whereln a cross-section of the second portion has a thickness that is greater than a thickness of

a cross-section of the first portion.

In yet another aspect of the present invention, there is provided an electrode
assembly of a vacuum interrupter, comprising: an electrical contact; a coil conductor
comprising a longitudinal axis that extends substantially perpendicular to a diameter of the
coil conductor; and a contact backing disposed between the electrical contact and the coil
conductor, the contact backing comprising a portion that extends in an axial direction outside
the diameter of the coil conductor such that the portion of the contact backing surrounds at
least a longitudinal portion of the coil conductor, the axial direction being substantially
parallel to the longitudinal axis of the coil conductor, the portion of the contact backing
defining at least a part of an outer periphery of the electrode assembly, wherein one of the
contact backing and the coil conductor comprises a notch in which at least a portion of a

protrusion of the other of the contact backing and the coil conductor is disposed.

In yet another aspect of the present invention, there is provided an electrode
assembly of a vacuum interrupter, comprising: an electrical contact; a coil conductor

comprising a longitudinal axis that extends substantially perpendicular to a diameter of the

_1b -
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co1l conductor; and a contact backing disposed between the electrical contact and the coil
conductor, the contact backing comprising a portion that extends in an axial direction outside
the diameter of the coil conductor such that the portion of the contact backing surrounds at
least a longitudinal portion of the coil conductor, the axial direction being substantially
parallel to the longitudinal axis of the coil conductor, the portion defining at least a portion of

an outer periphery of the electrode assembly.

Brief Description of the Drawings

[0003] Figure 1 1s a cross-sectional side view of an exemplary vacuum fault

interrupter, in a closed position.

[0004] Figure 2 1s a cross-sectional side view of the exemplary vacuum fault

interrupter of Figure 1, in an open position.

{0005] Figure 3 1s a cross-sectional side view of another exemplary vacuum fault

interrupter, in a closed position.

(0006} Figure 4 is a cross-sectional side view of the exemplary vacuum fault

interrupter of Figure 3, in an open position.

10007] Figure 5 1s a cross-sectional side view of another exemplary vacuum fault

interrupter, in a closed position.

]0008] Figure 6 1s a cross-sectional side view of the exemplary vacuum fault

interrupter of Figure 5, in an open position.

[0009] Figure 7 is a cross-sectional side view of another exemplary vacuum fault

interrupter, in a closed position.

[00010] Figure 8 is a cross-sectional side view of the exemplary vacuum fault

interrupter of Figure 7, in an open position.

[00011] Figures 9A and 9B, are together a block diagram depicting an exemplary

power system using the exemplary vacuum fault interrupter of Figures 7 and 8.

-1¢ -
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Detailed Description

[00012] The following description of exemplary embodiments refers to the attached
drawings, in which like numerals mdicate like elements throughout the several figures.
[00013] Figures 1 and 2 are cross-sectional side views of an exemplary vacuum fault
interrupter 100. The vacuum fault interrupter 100 includes a vacuum vessel 130 designed to
maintain an integrity of a vacuum seal with respect to components enclosed therein. Air 1s
removed from the vacuum vessel 130, leaving a deep vacuum 117, which has a high voltage
withstand and desirable current interruption abilities. The vacuum vessel 130 includes an
insulator 115 comprising a ceramic material and having a generally cylindrical shape. For
example, the ceramic material can comprise an aluminous material such as aluminum oxide.
A movable clectrode structure 122 within the vessel 130 1s operable to move toward and
away from a stationary electrode structure 124, thereby to permit or prevent a current flow
through the vacuum fault iterrupter 100. A bellows 118 within the vacuum vessel 130
includes a convoluted, flexible material configured to maintain the integrity of the vacuum
vessel 130 during a movement of the movable electrode structure 122 toward or away from
the stationary electrode structure 124. The movement of the movable electrode structure 122
toward or away from the stationary electrode structure 124 1s discussed in more detail below.
[00014] The stationary electrode structure 124 imcludes an electrical contact 101 and a
tubular coil conductor 105 1n which slits 138 are machined. The electrical contact 101 and
the tubular coil conductor 105 are mechanically strengthened by a structural support rod 109.
For example, the tubular coil conductor 105 can include one or more pieces of copper or
other suitable material, and the structural support rod 109 can include one or more pieces of
stamless steel or other suitable material. An external conductive rod 107 1s attached to the
structural support rod 109 and to conductor discs 120 and 121. For example, the conductive
rod 107 can include one or more pieces of copper or other suitable material. Either the
structural support rod 109 or the conductive rod 107 may iclude one or more threads to
facilitate the electrical or mechanical connections necessary to conduct current through the
vacuum fault interrupter 100 or to open or close the vacuum fault interrupter 100.

[00015] The movable electrode structure 122 includes an electrical contact 102, a
conductor disc 123, and a tubular coil conductor 106 in which slits 144 are machined. For
example, the tubular coil conductor 106 can include one or more pieces of copper or other
suitable material. The conductor disc 123 1s attached to the bellows 118 and the tubular coil

conductor 106 such that the electrical contact 102 can be moved into and out of contact with
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the electrical contact 101 of the stationary electrode structure 124. Each of the electrical
contacts 101 and 102 can include copper, chromium, and/or other suitable material. For
example, each of the contacts 101 and 102 can include a composition comprising 70% copper
and 30% chromium or a composition comprising 35% copper and 65% chromium.

[00016] The movable electrode structure 122 1s mechanically strengthened by a structural
support rod 110, which extends out of the vacuum vessel 130 and 1s attached to a moving rod
108. For example, the structural support rod 110 can include one or more pieces of stainless
steel or other suitable material, and the moving rod 108 can include one or more pieces of
copper or other suitable material. The moving rod 108 and the support rod 110 serve as a
conductive external connection point between the vacuum fault interrupter 100 and an
external circuit (not shown), as well as a mechanical connection point for actuation of the
vacuum fault mterrupter. Either the structural support rod 110 or the conductive rod 108 can
include one or more threads, such as threads 119, to facilitate the electrical or mechanical
connections necessary to conduct current through the vacuum fault interrupter 100 or to open
or close the vacuum fault interrupter 100.

[00017] A vacuum seal at each end of the insulator 115 1s provided by metal end caps 111
and 112, which are brazed to a metalized surface on the insulator 115, at joints 125-126.
Along with end cap 111, an end shield 113 protects the integrity of the vacuum fault
interrupter 100. Both the end cap 111 and the end shield 113 are attached between conductor
discs 120 and 121. Similarly, an end shield 114 is positioned between the bellows 118 and
end cap 112.

[00018] When the vacuum fault interrupter 100 1s 1n a closed position, as illustrated in
Figure 1, current can flow, for example, from the tubular coil conductor 105 of the stationary
electrode structure 124, the electrical contact 101 of the stationary electrode structure 124,
and the electrical contact 102 of the movable electrode structure 122 to the tubular coil
conductor 106 of the movable electrode structure 122, so that, with respect to contacts 101
and 102, the current can flow straight through from the ends of slits 138 and 144 1n tubular
coil conductor 105 and tubular coil conductor 106, respectively. The slits 138 in tubular coil
conductor 105 are configured to force the current to follow a substantially circumierential
path before entering the electrical contact 101. Likewise, the slits 144 in tubular coil
conductor 106 are configured to force the current that exits from the electrical contact 102 to

follow a substantially circumferential path before exiting the vacuum fault interrupter 100 via
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moving rod 108. A person of ordinary skill in the art, having the benefit of the present
disclosure, will recognize that the current flow can be reversed.

[00019] A contact backing 103 1s disposed between the electrical contact 101 and the
tubular coil conductor 105 of the stationary electrode structure 124. Similarly, a contact
backing 104 1s disposed between the electrical contact 102 and the tubular coil conductor 106
of the movable electrode structure 122. Each of the contact backings 103 and 104 can
comprise one or more pieces of copper, stainless steel, and/or other suitable material. The
contact backings 103 and 104 and the slits 138 and 144 of the tubular coil conductors 105 and
106 can be used to generate a magnetic field parallel to the common longitudinal axis of the
clectrode structures 122 and 124, the electrical contacts 101 and 102, and the insulator 115
(hereinafter, an “axial magnetic field™).

[00020]  When the vacuum fault interrupter 100 1s in an open position, i other words,
when the electrical contacts 101 and 102 are separated, as illustrated in Figure 2, the
electrical contacts 101 and 102 will arc until the next time the current 1s substantially zero
(hereinafter, “crosses zero” or “current zero”). Typically, a 60 Hz AC current crosses zero
120 times per second. The axial magnetic field generated by the contact backings 103 and
104 and the slits 138 and 144 of the tubular coil conductors 105 and 106 can control the
electrical arcing between the electrical contacts 101 and 102. For example, the axial
magnetic field can cause a diffuse arc between the electrical contacts 101 and 102.

[00021] The arc consists of metal vapor, commonly called a “plasma,” that 1s boiled off of
the surface of each electrical contact 101, 102. Most of the metal vapor from each electrical
contact 101, 102 deposits on the other electrical contact 101, 102. The remaining vapor
disperses within the vacuum vessel 130. The primary region that can be filled with the arc
plasma 1s easily calculable based on line of sight from the contacts 101 and 102, and 1s shown
as item 220 in Figure 2. A secondary region of the arc plasma, which can be 1dentified based
on reflection and bouncing of the arc plasma, can be small and will not be described 1n detail
herem.

[00022] A centrally disposed metallic shield 116 1s configured to contain the conductive
arc plasma 220 and to prevent it from depositing on the surface of the insulator 115.
Similarly, end shields 113 and 114 are configured to contain the conductive arc plasma 220
that passes by the ends of the center shield 116. The end shields 113 and 114 can prevent the
arc plasma 220 from depositing on the certain surfaces of the insulator 115 and can protect

the joints 125-126 at the ends of the isulator 115 from high electrical stress (electric field).
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Each of the shields 113, 114, 116 can include one or more pieces of copper, stainless steel,
and/or other suitable material.

[00023] Depending on the characteristics of the power system associated with the vacuum
fault mterrupter 100, a substantial voltage (in other words, a transient recovery voltage or
“TRV”)--well 1 excess of the nominal voltage of the power system--may appear briefly after
the arc has cleared. For example, for a 38 kV power system, the TRV can have a peak of up
to 71.7 kV or even 95.2 kV. This voltage can appear in a very short time, on the order of 20
to 70 microseconds. The vacuum fault mterrupter 100 can be configured to withstand these
and other transient voltages far in excess of the system voltage. For example, for a 38 kV
device, the mterrupter 100 can be configured to withstand, or maintain an open circuit, at
voltage values of 70 kV AC rms, or 150 kV or 170 kV peak basic impulse level (“BIL”). By
way of example only, these voltages can result from switching components 1n or out of the
power system or lightning strikes to the power system.

[00024] The corners on the faces 10la and 102a of electrical contacts 101 and 102,
respectively, and on the backsides 103a and 104a of contact backings 103 and 104,
respectively, as well as the tips of end shields 113 and 114 and center shield 116, represent
sharp corners and edges that can cause a high electrical stress (electric field). A person of
ordinary skill, having the benefit of the present disclosure, will recognize that electrical stress
can be varied by three major factors: voltage, distance, and size. For example, the electrical
stress between two contacts 1s higher where the voltage difference between the contacts 1s
higher. The electrical stress between two contacts 1s lower where the contacts are spaced
further apart. Similarly, the size (i.e., dimensions and shape) of an object can affect electrical
stress. In general, an object with features having small convex dimensions and sharp radu
will have high electrical stress. An excessively high electric field can lead to failures of an
object or other medium to withstand voltage.

[00025] The high temperature of the metal vapor also can lower the ability of the vacuum
fault 1interrupter 100 to withstand high voltages. For example, 1f the hot arc plasma 220
passes 1n close proximity to the tip of one of the shields 113, 114, and 116, the shield 113,
114, or 116 can become too hot to withstand a desired amount of voltage. The heat and
electrical stress applied to the contacts 101 and 102 and the tips of the shields 113, 114, and
116 could cause the contacts 101 and 102 or the tips of the shields 113, 114, and 116 to
discharge additional arc plasma. Such arcing can lead to metal vapor depositing on the inside

surface of the insulator 115, leading to a degradation of the voltage withstand ability of the
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vacuum fault interrupter 100. The vapor can deposit on the inside surface of the insulator
115, even 1f that surface 1s not 1 the direct line of sight of the contacts 101 and 102.

[00026] Figures 3 and 4 are cross-sectional side views of another exemplary vacuum fault
interrupter 300. Aside from certain shielding component differences, vacuum fault
interrupter 300 1s 1dentical to vacuum fault interrupter 100 described previously with
reference to Figures 1 and 2. Like reference numbers are used throughout Figures 1-4 to
indicate features that are common between the vacuum fault interrupter 300 and the vacuum
fault interrupter 100. Those like features are described 1n detail previously with reference to
Figures 1-2 and, thus, are not described in detail hereinafter.

[00027] In the exemplary vacuum interrupter 300, each of the center shield 316 and the
end shields 313 and 314 includes curled ends 316a, 313a, and 314a. The radius of curvature
of the curls 1s significantly larger than can be machined at the tips of shields 113, 114, and
116 of the vacuum fault interrupter 100. The larger radius lowers the electrical stress at the
ends of shields 313, 314, and 316, thereby increasing the voltage withstand level of the
vacuum interrupter 300 relative to the voltage withstand level of vacuum mterrupter 100.
[00028]  The curl shape of the ends 316a of the center shield 316 partially shields the arc
plasma 420 from passing by the ends of the center shield 316, thus protecting the ends of the
center shield 316 from the heat energy of the arc plasma 420. By protecting the ends of the
center shield 316 from that heat energy, the curl shape decreases the likelihood that the ends
of the center shield 316 will break down or arc.

[00029] The curled ends 313a, 314a, and 316a of shields 313, 314, and 316 can be costly
to manufacture and difficult to process and clean to the required low level of contaminants
that are necessary for inclusion 1n a vacuum interrupter. Typically, copper and stainless steel
components of a vacuum iterrupter must be electropolished to achieve this required level of
cleanliness. Due to their complete cup shapes, the curls at the ends 313a, 314a, and 316a of
the shields 313, 314, and 316 can trap air, acids, or other contaminants during the
electropolishing. The trapped air can cause improper cleaning of the shields 313, 314, and
316. The trapped acid or other contaminants could be carried into the subsequent assembly
of the vacuum interrupter 300. In either case, the trapped air, acid, or other contaminants can
cause degraded performance of the vacuum interrupter 300. This likelithood of degradation
can be reduced by assembling the center shield 316 from several cleaned pieces. However,

such assembly increases part count, complexity, and cost.
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[00030]  Figures 5 and 6 are cross-sectional side views of another exemplary vacuum fault
interrupter 500. Similar to the vacuum fault interrupter 100 described previously with
reference to Figures 1 and 2, the vacuum fault interrupter 500 of Figures 5 and 6 includes a
vacuum vessel 530 designed to maintain an integrity of a vacuum seal with respect to
components enclosed therein. Air 1s removed from the vacuum vessel 530, leaving a deep
vacuum 517, which has a high voltage withstand and desirable current interruption abilities.
The vacuum vessel 530 includes an msulator 515 comprising a ceramic material and having a
generally cylindrical shape. A movable electrode structure 522 within the vessel 530 1s
operable to move toward and away from a stationary electrode structure 524, thereby to
permit or prevent a current flow through the vacuum fault interrupter 500. A bellows 518
within the vacuum vessel 530 includes a convoluted, flexible material configured to maintain
the integrity of the vacuum vessel 530 during a movement of the movable electrode structure
522 toward or away from the stationary electrode structure 524. The movement of the
movable electrode structure 522 toward or away from the stationary electrode structure 524 1s
discussed in more detail below.

[00031] The stationary electrode structure 524 includes an electrical contact 501 and a
tubular coil conductor 505 1n which slits 538 are machined. The electrical contact 501 and
the tubular coil conductor 505 are mechanically strengthened by a structural support rod 509.
For example, the tubular coil conductor 505 can include one or more pieces of copper or
other suitable material, and the structural support rod 509 can include one or more pieces of
stainless steel or other suitable material. An external conductive rod 507 1s attached to the
structural support rod 509. For example, the conductive rod 507 can include one or more
pieces of copper or other suitable material. Either the structural support rod 509 or the
conductive rod 507 can include one or more threads to facilitate the electrical or mechanical
connections necessary to conduct current through the vacuum fault mterrupter 500 or to open
or close the vacuum fault interrupter 500.

[00032] The movable electrode structure 522 includes an electrical contact 502 and a
tubular coil conductor 506 1 which slits 544 are machined. For example, the tubular coil
conductor 506 can include one or more pieces of copper or other suitable material. A
conductor disc 523 is attached to the bellows 518 and the tubular coil conductor 506 such that
the electrical contact 502 can be moved into and out of contact with the electrical contact 501
of the stationary electrode structure 524. Each of the electrical contacts 501 and 502 can

include copper, chromium, or other suitable material. For example, each of the contacts 501
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and 502 can include a composition comprising 70% copper and 30% chromium or a
composition comprising 35% copper and 65% chromium.

[00033] The movable electrode structure 522 1s mechanically strengthened by a structural
support rod 510, which extends out of the vacuum vessel 530 and 1s attached to a moving rod
508. For example, the structural support rod 510 can include one or more pieces of stainless
steel or other suitable material, and the moving rod 508 can include one or more pieces of
copper or other suitable material. The moving rod 508 and the support rod 510 serve as a
conductive external connection point between the vacuum fault interrupter 500 and an
external circuit (not shown), as well as a mechanical connection point for actuation of the
vacuum fault interrupter. Either the structural support rod 510 or the conductive rod 508 can
include one or more threads, such as threads 519, to facilitate the electrical or mechanical
connections necessary to conduct current through the vacuum fault interrupter 500 or to open
or close the vacuum fault interrupter 500.

[00034] Each of the tubular coil conductors 505 and 506 of the vacuum fault interrupter
500 has a larger diameter 1n proportion to its respective contact diameter than the tubular coil
conductors 105 and 106 of the vacuum fault interrupter 100 of Figures 1 and 2. For example,
cach of the tubular coil conductors 505 and 506 can have a diameter approximately equal to
the diameter of electrical contacts 501 and 502, respectively. The larger diameters of the
tubular coil conductors 505 and 506 can require the tubular coil conductors 505 and 506 to
include more copper or other materials than the tubular coil conductors 105 and 106 of the
vacuum fault interrupter 100 of Figures 1 and 2. Thus, the larger diameters can cause the
tubular coil conductors 505 and 506 to cost more than the tubular coil conductors 105 and
106 of the vacuum fault mterrupter 100 of Figures 1 and 2. Similarly, the larger diameter of
the movable tubular coil conductor 506 can cause the tubular coil conductor 506 to have
more mass than the movable tubular coil conductor 106, thus placing a greater burden on an
actuator to open or close vacuum fault interrupter 500 at the required operating velocities
than would be required for an actuator to open or close vacuum fault interrupter 100 at those
same required operating velocities.

[00035] A vacuum seal at each end of the insulator 515 1s provided by metal end shields
511 and 512, which are brazed to a metalized surface on the msulator 515, at joints 525-526.
The end shields 511 and 512 protect the integrity of the vacuum fault interrupter 500. End
shield 511 1s attached between conductor disc 507 and tubular coil conductor 505. End shield
512 1s positioned between the bellows 518 and a conductor disc 513. The end shields 511

_R
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and 512 are rounded and curve 1nto the space of the vacuum vessel 530. The end shields 511
and 512 function both as end caps and end shields, substantially like the end caps 111 and
112 and the end shields 113 and 114 of the vacuum fault interrupter 100 of Figure 1.

[00036] When the vacuum fault interrupter 500 1s 1n a closed position, as illustrated in
Figure 5, current can flow, for example, from the tubular coil conductor 505 of the stationary
electrode structure 524, the electrical contact 501 of the stationary electrode structure 524,
and the electrical contact 502 of the movable electrode structure 522 to the tubular coil
conductor 506 of the movable electrode structure 522, so that, with respect to contacts 501
and 502, the current can flow straight through from the ends of slits 538 and 544 1n tubular
coil conductor 505 and tubular coil conductor 506, respectively. The slits 538 1n tubular coil
conductor 505 are configured to force the current to follow a substantially circumierential
path before entering the electrical contact 501. Likewise, the slits 544 in tubular coil
conductor 506 are configured to force the current that exits from the electrical contact 502 to
follow a substantially circumferential path before exiting the vacuum fault interrupter 500 via
moving rod 508. A person of ordinary skill in the art, having the benefit of the present
disclosure, will recognize that the current flow can be reversed.

[00037] A contact backing 503 1s disposed between the electrical contact 501 and the
tubular coil conductor 505 of the stationary electrode structure 524. Similarly, a contact
backing 504 1s disposed between the electrical contact 502 and the tubular coil conductor 506
of the movable eclectrode structure 522. Each of the contact backings 503 and 504 can
include one or more pieces of copper, stainless steel, and/or other suitable material. The
contact backings 503 and 504 and the slits 538 and 544 of the tubular coil conductors 505 and
506 can be used to create an axial magnetic field.

[00038] When the vacuum fault mterrupter 500 1s 1n an open position, as illustrated 1n
Figure 6, the electrical contacts 501 and 502 will arc until the next time the current crosses
zero. The axial magnetic field generated by the contact backings 503 and 504 and the slits
538 and 544 of the tubular coil conductors 505 and 506 can control the electrical arcing
between the electrical contacts 501 and 502. For example, the axial magnetic field can cause
a diffuse arc between the electrical contacts 501 and 502.

[00039] The arc consists of metal vapor that 1s boiled off of the surface of each electrical
contact 501, 502. Most of the metal vapor from each electrical contact 501, 502 deposits on
the other electrical contact 501, 502. The remaining vapor disperses within the vacuum

vessel 530. The primary region that can be filled with the arc plasma is easily calculable
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based on line of sight from the contacts 501 and 502 and 1s shown as item 620 1n Figure 6. A
secondary region of the arc plasma, which can be 1dentified based on reflection and bouncing
of the arc plasma, can be small and will not be described 1n detail herein.

[00040] A centrally disposed metallic shield 516 1s configured to contain the conductive
arc plasma 620 and to prevent 1t from depositing on the surface of the isulator 515. End
shields 511 and 512 are configured to contain the conductive arc plasma 620 that passes by
the ends of the center shield 516. The end shields 511 and 512 can prevent the arc plasma
620 from depositing on the surface of the insulator 515 and protect the joints 525-526 at the
ends of the insulator 515 from high electrical stress. Each of the shields 511, 512, and 516
can include one or more pieces of copper, stainless steel, and/or other suitable material.
[00041] The center shield 516 comprises a thicker gage material than the center shield 116
of the vacuum fault interrupter 100 of Figure 1, allowing a larger radius to be machined at the
ends of the center shield 516. That larger radius at the ends of the center shield 516 and the
larger formed radius in the combined end cap/end shields 511 and 512 can lower electrical
stress 1n the vacuum interrupter 500, resulting in increased voltage withstand performance.
Similarly, the substantially equal diameters of the tubular coil conductors 505 and 506, the
electrical contacts 501 and 502, and the contact backings 503 and 504 can lower electrical
stress at the corners of the faces 501a and 502a of the contacts 501 and 502, as well as on the
outside diameters of contacts 501 and 502 and contact backings 503 and 504, thus resulting in
increased voltage withstand performance. Lowering the electrical stress on the electrical
contacts 501 and 502 also can result 1n less arcing and contact erosion on the electrical
contacts 501 and 502, leading to a longer useful product life. However, the heat of the arc
plasma 620 still can cause the tips of the center shield 516 and end shields 511 and 512 to
discharge or arc during fault interruption, leading to degradation of the insulator 515 due to
vapor deposition.

[00042] Figures 7 and 8 are cross-sectional side views of another exemplary vacuum fault
interrupter 700. Aside from certain differences m shielding, contact backing, and tubular coil
components, vacuum fault mterrupter 700 1s 1dentical to vacuum fault interrupter 500
described previously with reference to Figures 5 and 6. Like reference numbers are used
throughout Figures 5-8 to indicate features that are common between the vacuum fault
interrupter 700 and vacuum fault interrupter 500. Those like features are described 1n detail

previously with reference to Figures 5 and 6 and, thus, are not described in detail hereiafter.
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[00043] Each of the tubular coil conductors 705 and 706 of the vacuum fault interrupter
700 of Figures 7 and 8 has a smaller diameter than the tubular coil conductors 505 and 506
relative to the contact size of the vacuum fault interrupter 500 of Figures 5 and 6. For
example, each of the tubular coil conductors 705 and 706 can have a size similar to that of the
tubular coil conductors 105 and 106 of the vacuum fault mterrupter 100 of Figures 1 and 2.
The smaller diameters of the tubular coil conductors 705 and 706 can cause the tubular coil
conductors 705 and 706 to cost less than the tubular coil conductors 505 and 506 of the
vacuum fault interrupter 500 of Figures 5 and 6. Similarly, the smaller diameter of the
movable tubular coil conductor 706 associated with the movable electrode assembly 722 can
cause the tubular coil conductor 706 to have less mass than the movable tubular coil
conductor 506, thus placing a lesser burden on an actuator to open or close vacuum fault
interrupter 700 at the required operating velocities than would be required for an actuator to
open or close vacuum fault interrupter 500 at those same required operating velocities.
[00044]  Like the contact backings 103, 104, 503, and 504 of the vacuum fault interrupters
100, 300, and 500 of Figures 1-6, the contact backings 703 and 704 of the vacuum fault
interrupter 700 of Figures 7-8 are configured to adjust the magnetic field on electrical
contacts 501 and 502 of the movable electrode assembly 722 and the stationary electrode
assembly 724.

[00045] The contact backings 703 and 704 also are configured to adjust electrical stress.
The contact backing 703 extends perpendicular to the axis of the tubular coil conductor 705,
outside the diameter of the tubular coil conductor 705, overlapping at least a portion of the
tubular coil conductor 705. Similarly, the contact backing 704 extends perpendicular to the
ax1s of the tubular coil conductor 706, outside the diameter of the tubular coil conductor 706,
overlapping at least a portion of the tubular coil conductor 706. This configuration allows the
corner of each contact backing 703, 704 that 1s disposed opposite the electrical contacts 501
and 502 to have a broad radius 703b, 704b and, thus, a low electrical stress. The
configuration also can provide for a reduced electrical stress at the corners of the faces 501a
and 502a of the contacts 501 and 502, as well as on the outside diameters of contacts 501 and
502 and contact backings 703 and 704, caused by the proximity of the larger axial length of
the contact backings 703 and 704.

[00046]  Thus, the contact backings 703 and 704 can result in a higher voltage recovery or
withstand and a decrease m erosion of the electrical contacts 501 and 502. These

characteristics can result 1n the vacuum fault mterrupter 700 having a higher fault mterruption
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current level or voltage rating than the vacuum fault interrupter 100 of Figures 1 and 2. For
example, the higher fault interruption current level or voltage rating can be comparable to the
fault interruption current level or voltage rating of the vacuum fault interrupter 500 of Figures
5 and 6.

[00047] The contact backings 703 and 704 can comprise one or more pieces of stainless
steel or another suitable material. For example the contact backings 703 and 704 can
comprise a material that provides a higher voltage withstand level than other materials, such
as copper, that have been used 1n other vacuum fault interrupter contact backings.

[00048] The contact backing 703 includes a notch 703a configured to receive a
corresponding protrusion 705a 1n the tubular coil conductor 705. Similarly, the contact
backing 704 includes a notch 704a configured to receive a corresponding protrusion 706a in
the tubular coil conductor 706. The portion of each contact backing 703, 704 disposed
between the contact backing’s corresponding protrusion 705a, 706a and electrical contact
501, 502 has a thickness that 1s sufficiently thin to minimize resistance of the electrical
current from each tubular conductor 705, 706 to each electrical contact 501, 502, but is also
sufficiently thick so as to alter current flow to allow adjustment to the magnetic ficld on
electrical contacts 501 and 502.

[00049] The center shield 716 of the vacuum fault interrupter 700 has a substantially
double “S” curve shape, with two flared ends 716a. Each end 716a includes a segment 716aa
that extends inward, away from the insulator 515, and a segment 716ab that extends outward,
towards the insulator 515. In an exemplary embodiment, the segments 716aa and 716ab
create curls having radn similar to the radu of each of the curled ends 316a of the center
shield 316 of the vacuum fault interrupter 300 of Figures 3 and 4, described above. In
alternatively exemplary embodiments, the segments 716aa and 716ab can have different curl
radi. These curls can help to reduce the electrical stress of the central shield 716.

[00050] Tip ends 716ac of the central shield 716 point away from sources of voltage
stress, being disposed in the voltage potential and stress shadow of the remainder of the
central shield 716. For example, each of the tips 716ac can be disposed at approximately a
90 degree angle relative to a longitudinal axis of the tubular coil conductors 705 and 706.
Alternatively, the tips 716ac can be disposed at acute or obtuse angles relative to the
longitudinal axis of the tubular coil conductors 705 and 706. The tips 716ac are not in the
direct path of the arc plasma 820 during arcing. Thus, the tips 716ac are protected from the
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arc plasma 820, thereby reducing or eliminating break down of the tips 716ac due to thermal
input of the arc plasma 820.

[00051]  Since the curls at the ends 716a of the center shield 716 do not form a cup, as with
the curls 1n the center shield 316 of the vacuum fault interrupter 300 of Figures 3 and 4, the
center shield 716 can easily be manufactured and cleaned by known processes 1n the industry.
The use of the center shield 716, in conjunction with the combined end caps/end shields 511
and 512 can result 1n lower electrical stress in the vacuum interrupter 700, resulting mn a
higher voltage recovery or withstand level. In certain alternative exemplary embodiments,
alternative end caps and end shields, such as those described above with reference to Figures
1-4 can be used in place of the combined end caps/end shields 511 and 512.

[00052] Each of the shields 716, 511, and 512 can mclude one or more pieces of copper,
stamnless steel, and/or other suitable material or compositions thereof. For example, 1n certain
exemplary embodiments, the shield 716 can include two pieces of metal joined together
proximate to create a protrusion 739 on one or both of the pieces, where the protrusion 739 1s
configured to engage a corresponding notch 740 on the msulator 515. Alternative means for
securing/aligning the shield 716 to the insulator 515, or otherwise securing/aligning the shield
716 within the vacuum vessel 730 of the vacuum field interrupter 700 are suitable. For
example, the shield 716 can include a notch for receiving a corresponding protrusion of the
insulator 515. For simplicity, the location at which the shield 716 and msulator 515 are
coupled together 1s referred to herein as a “connection point™ 738.

[00053] Two segments 716ad of the shield 716 are disposed on opposite sides of the
connection point 738. The segment 716aa of the shield 716 1s disposed between the segment
716ad and the segment 716ab. An axial distance between the segment 716ab and the
segment 716ad 1s greater than an axial distance between the segment 716aa and the segment
716ad. A first end 716aaa of the segment 716aa 1s coupled to the segment 716ad, and a
second end 716aab of the segment 716aa 1s coupled to the segment 716ab. The first end
716aaa of the segment 716aa disposed proximate to the stationary electrode assembly 724 1s
disposed between the contact backing 703 of the stationary electrode assembly 724 and the
shield 511. The segment 716aa extends from the first end 716aaa, in a curvilinear manner,
towards the shield 511. Similarly, the first end 716aaa of the segment 716aa disposed
proximate to the movable electrode assembly 722 is disposed between the contact backing
704 of the movable electrode assembly 722 and extends from the first end 716aaa, n a

curvilinear manner, towards the shield 512.
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| [(00054] Figures 9A and 9B, together, are a block diagram depiCting an exemplary power system 900
using the exemplary vacuum fault interrupter 700 of Figures 7 and 8. A power source 905, such as a
high voltage transmission line leading from a power plant or another utility, transmits power f
to customers 935 via a substation 910, distribution power lines 950, switchgear 955, and
distribution transformers 960. While the exemplary power system 900 depicted in Figures 9A and 9B
includes only one substation 910 and only one exemplary combination of distribution power
lines 950, switchgear 955, distribution transformers 960, and customers 935, a person of
ordinary skill in the art, having the benefit of the present disclosure, will recognize that the
power system 900 can include any number of substations 910, distribution power lines 950,
switchgear 955, and distribution transformers 960.

[00055] The contents of the substation 910 have been simplified for means of explanation
and can include a high .voltage switchgear 915 on one side of a transformer 920 and a
medium (commonly called “distribution class”) voltage switchgear 925 on another side of the
transformer 920. The powér source 905 can transmit powet ovet high voltage cables 907 to
the high voltage switchgéar 915, which can transmit power to the medium voltage switchgear
925 via the transformer 920. The medium voltage switchgear 925 can transmit the power to
the distribution powet lines 950.

[00056] The term “high voltage” 1s used herein to refer to power having a voltage greater
than 38 kV. The term “low voltage” is used herein to refer to power having a voltage
between about 120 V and 240 V. The term “medium voltage” is used herein to refer to
voltages used for distribution power lines between “higﬁ voltage” and *“low voltage.”

[00057] The transformer 920 transfers energy from one electrical circuit to another
electrical circuit by magnetic coupling. For example, the transformer 920 can include two or
more coupled windings and a magnetic core to concentrate magnetic flux. A voltage applied

to one winding creates a time-varying magnetic flux in the core, which induces.a voltage in
the other windings. Varying the relative number of turns determines the voltage ratio
between the windings, thus transforming the voltage from one circuit to another.

[00058] The distribution power lines 950 receive power from the medium voltage
switchgear 925 of the substation 910 and transmit the received power to the customers 935.

One substation 910 can provide power to multiple different distribution feeders 970. In a first

distribution feeder 970a, the substation 910 transmits power directly to a customer 935 via
the distribution power lines 950. In other distributions feeders 970b and 970c, the substation

910 provides power to multiple customers via the distribution power lines 950 and one or
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more switchgear 955 coupled thereto. For example, each switchgear 955 can include a
vacuum interrupter 700 configured to isolate faults in the distribution power lines 950. The
switchgear 955 can isolate the fault without interrupting power service in other, usable
distribution power lines 950.

[(00059] In distribution feeder 970c, the distribution power line 950 1s divided into multiple
segments 970ca and 970cb. Each segment 970ca, 970cb includes a switchgear 955
configured to isolate faults in the segment 970ca, 970cb. This configuration allows the
switchgear 955 in the segment 970cb to isolate faults in the segment 970cb without
interrupting power service in the other, usable segment 970ca.

[00060] The customers 935 can receive medium voltage power directly from the
distribution power lines 950 or from a distribution transformer 960 coupled to the distribution
power lines 950. The distribution transformer 960 is configured to step the medium voltage
power from the distribution power lines 950 down to a low voltage, such as a house voltage
of 120 V or 240 V ac. Each distribution transformer 960 can provide low voltage power to
one or more customets 935.

[00061] Each of the switchgears 915, 925, and 955 includes a housing containing a fauit
interrupter configured to interrupt current faults within a circuit coupled to the switchgear
915, 925, 955. For example, each switchgear 955 can include a vacuum fault interrupter 700,
a fuse, and/or a circuit breaker.

[00062] The exemplary system 900 illustrated in Figures 9A and 9B is merely representative of the
components for providing power to customers. Other embodiments may not have all of the
components identified in Figures 9A and 9B or may include additional components. For example, a

person of ordinary skill in the art, having the benefit of the present disclosure will recognize

that, although the exemplary power system 900 depicted in Figures 9A and 9B includes three
distribution feeders 970 and two segments 970ca and 970cb, the power system 900 can

include any suitable number of distribution feeders 970 and segments 970ca and 970c¢b.
[00063] Test Data
(00064] Fault Interruption Testing:

[00065]  Multiple tests have been conducted to determine the performance characteristics
of certain exemplary vacuum fault interrupters having some of the mechanical and structural
features described previously. The tests included evaluating the performance characteristics
of the exemplary vacuum fault interrupters in synthetic test circuits and full power test

circuits. In the full power test circuits, fault current and recovery voltage came from either a
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generator or a power system. In the synthetic test circuits, the fault current and the recovery
voltage came from charged capacitor banks.

[00066]  Synthetic testing 1s usually used 1n the development and testing of a new vacuum
fault interrupter, as it 1s a more controlled test and can have more precise metering than
power testing. Power testing 1s usually used for the final certification and testing of a
completely designed device and includes tests of the vacuum fault interrupter, the actuator
and mechanism that opens the vacuum fault interrupter, the insulation system associated with
the vacuum fault interrupter, and the electronic control associated with the vacuum fault
interrupter.

[00067] Typically, in both synthetic testing and power testing, the vacuum fault interrupter
1s tested for compliance with established testing standards, such as IEEE standard C37.60-
2003. In particular, the vacuum fault mterrupter 1s tested for compliance with standard fault
interruption levels and required “duties” per Table 6 of C37.60-2003 and standard TRV per
Tables 10a and 10b (containing values and times for TRV for either three phase and single
phase systems, respectively) from C37.60-2003, as applicable. Per IEEE C37.60-2003, a
typical duty requires that the vacuum fault interrupter perform at three different fault current
and voltage levels. For example, for a 38 kV three phase rating at 12.5 kA, the vacuum fault
interrupter must interrupt 16 faults at 90% to 100% of the fault rating, which 1s 12.5 kA, with
a peak TRV of 71.7 kV. It also must interrupt 56 faults at 45% to 55% of the fault rating (5.6
kA - 6.9 kA), with a peak TRV of 78.1 kA, and 44 faults at 15% to 20% of the fault rating
(1.9 kA - 2.5 kA), with a peak TRV of 82.4 kV. The TRV level generally decreases as the
fault current increases. Thus, a typical duty requires the vacuum fault interrupter to mterrupt
a total of 116 faults. In certain embodiments, the performance of the vacuum fault interrupter
can be confirmed by performing two duties, resulting in 232 total fault interrupting
operations.

[00068] The required duty for a single phase device -- a device with one vacuum fault
interrupter -- 1s generally more onerous than that for a three phase device -- a device with
three vacuum fault interrupters. In a three phase device, any one vacuum fault interrupter can
recelve assistance from the other two vacuum fault interrupters. In many applications, the
first two vacuum fault interrupters to open will do all the work in the three phase device.
Using random open times, the duty and effort can be spread evenly to all three vacuum fault
interrupters 1n the device. In a single phase device, the one vacuum fault interrupter must

interrupt all 116 (or 232) fault interruptions on 1ts own. Compounding the burden on the
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single phase vacuum fault interrupter 1s the fact that the required TRV levels are higher for

single phase interruptions than for three phase interruptions. For example, the required 38 kV
TRYV levels for a single phase device are 95.2kV, 90.2 kV, and 82.8 kV, as compared to the
82.4 kV, 78.1 kV, and 71.7 kV values for the three phase device.

100069]

The following table summarizes the performance of certain exemplary vacuum

fault interrupters having mechanical structures substantially similar to vacuum fault

interrupters 100 and 500, with three inch outside diameters and 1.75 mch diameter electrical

contacts:
[00070]  Vacuum Fault Interrupters 100 and 500: Results From Fault Interruption Testing
Single # Did
Interrupter Power |or Not Clear
Substantially or Three Total #|Normally
Stmilar to Contact  [Synthet1 |Phase |Interruptio [Voltag [Peak of (Synthet1
Exemplary |Contact (Backing |c (Power [n Rating |e Class [TRV Faults |c Testing
Interrupter: [Material |[Material  [Testing [Only) |(kA) (kV) |(kV)* [** Only)
1 Cu35/Cr6
100 5 Copper  |Power |Single [8.0kA  |27kV [67.6kV |232 |-
2 Cu35/Cr6
100 5 Copper  |Power |Three [12.0kA |27kV |58.6 kV |232 |-
3 Cu70/Cr3
100 0 None Power |Single [12.5kA |27kV [67.6kV 232 |-
4 Cu70/Cr3
100 0 None Power |Three [I12.5kA [27kV |58.6 kV (232 |
5 Cu70/Cr3
100 0 None Power |Three [(12.5kA [38kV |82.4kV |232 |
6 Cu70/Cr3 Syntheti
500 0 Stain. Steel |c - |16.0KA [27kV [67.6kV [116 |I-2
7 Cu70/Cr3 Syntheti
500 0 Stain. Steel |c - |12.5kA  |38kV [92.2kV |116 [9-13
8 Cu70/Cr3 Syntheti 120%*
500 0 Stain. Steel |¢ - |112.5kA  [38kV [92.2kV |* 20
9 Cu70/Cr3
500 0 Stain. Steel [Power  [Single [12.5kA |27 kV [67.6 kV [232 |-
10 Cu70/Cr3
500 0 Stain. Steel [Power [Three [16.0 kA [27kV [58.6 kV |232 |
11 Cu70/Cr3
500 0 Stain. Steel |[Power [Three [12.5kA |38 kV |82.4 kV (232 |

* for power tests, not all operations are at peak TRV level, depending on faul
** not all shots are at 90-100% fault current level, some are at 15-20% and 44-55%, per IEEE C37.60-2003

- current level

%% all shots are at the 100% current level with varied levels of asymmetry for this sequence

[00071]

As 1llustrated in the above table, the exemplary vacuum fault interrupters

successfully completed one or two required duties under C37.60-2003 1n power testing, at
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either the 38 kV three phase TRV levels or the 27 kV single phase TRV levels. However, the
exemplary vacuum fault interrupters did not successfully complete the testing at the 38 kV
single phase TRV levels.

[00072] Examination of certain synthetic test data shows that, with higher TRV levels, the
exemplary vacuum fault interrupters were much less likely to successfully clear (interrupt)
the fault current after the first current zero. Examination of the exemplary vacuum fault
interrupters showed that, while the degree of contact wear and erosion, as well as the amount
of vapor deposition on the inside surfaces of the insulators, of the vacuum fault interrupters
was acceptable for lower voltage ratings, both became excessive when the TRV levels
approached that which 1s required for 38 kV single phase operations. In particular, the
vacuum fault interrupters showed signs of arcing from the tips of the shields as well as from
the contacts.

[00073] Simular tests were performed on certain exemplary vacuum fault interrupters
having mechanical structures substantially similar to vacuum fault interrupter 700. The

results from those tests are summarized 1n the following table:

[00074]  Vacuum Fault Interrupter 700: Results From Fault Interruption Testing
Single # Did
VFI or Not Clear
Substantially Three Total #|Normally
Stmilar to Contact [Power or| Phase [Interruption[Voltage| Peak of |(Synthetic
Exemplary | Contact | Backing |Synthetic|(Power| Rating | Class | TRV [ Faults | Testing
Interrupter: | Material | Material | Testing | Only) (kA) (kV) | (kV) =] ** Only)
1| 700/100 |Cu70/Cr30[Stain. Steel [Synthetic| - 12.5kA | 38kV |92.2 kV]120%**| 13-17
2 700 Cu35/Cr65] Copper [Synthetic| - 12.5kA [ 38kV [92.2kV[ 116 14
3 700 Cu35/Cr65|Stain. Steel [Synthetic| - 125 kA | 38kV [92.2kV| 116 12
4 700 Cu70/Cr30[Stamn. Steel[Synthetic| - 12.5kA [38kV [92.2kV| 116 5-7
J 700 Cu70/Cr30[Stain. Steel| Power | Single | 12.5 kA |38 kV [95.2kV| 232 -

* for power tests, not all operations are at peak TRV level, depending on fault current level
** not all shots are at 90-100% fault current level, some are at 15-20% and 44-55%, per IEEE C37.60-2003
*%% all shots are at the 100% current level with varied levels of asymmetry for this sequence

[00075]
shield 716 of the vacuum fault interrupter 700 of Figure 7 and contact backings substantially

The first vacuum fault interrupter tested had a shield substantially similar to the

similar to the contact backings 103 and 104 of the vacuum fault interrupter 100 of Figure 1.
This vacuum fault interrupter was tested using shots (faults) at 100% fault current, with
varied asymmetry levels, rather than with a synthetic test to a duty per IEEE C37.60-2003.
However, the results of the test can be compared with similar testing on a vacuum fault

interrupter 500 discussed above 1n the table of results for vacuum fault mterrupters 100 and
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500 (number 8). While the number of unsuccessfully cleared faults on the first current zero
for the vacuum fault interrupter (13-17) were reduced relative to number of unsuccessfully
cleared faults on the first current zero for the vacuum fault interrupter 500 (20), there were
still signs of contact wear and erosion in the vacuum fault interrupter.

[00076] The second and third vacuum fault interrupters 700 tested included electrical
contacts 501 and 502 comprised of an alloy consisting of 35% copper and 65% chromium
and contact backings substantially similar to the contact backings 703 and 704 of the vacuum
fault interrupter 700 of Figure 7. The second vacuum fault interrupter 700 included copper
contact backings 703 and 704. The third vacuum fault interrupter 700 mcluded stainless steel
contact backings 703 and 704. These vacuum fault interrupters 700 had similar quantities of
unsuccessfully cleared faults on the first current zero (12-14) to the number of unsuccessfully
cleared faults on the first current zero 1in a vacuum fault interrupter 500 tested at the same
voltage for the same duty (9-13) as discussed above in the table of results for vacuum fault
interrupters 100 and 500 (number 7).

[00077] The fourth vacuum fault interrupter 700 included electrical contacts 501 and 502
comprised of an alloy consisting of 70% copper and 30% chromium and stainless steel
contact backings substantially similar to the contact backings 703 and 704 of the vacuum
fault interrupter 700 of Figure 7. This vacuum fault interrupter 700 had a substantially
reduced number of unsuccessfully cleared faults on the first current zero when being
synthetically tested (5-7). Upon examination after being tested, the electrical contacts 701
and 702 showed little or no signs of wear and erosion; likewise; there was very little vapor
deposition on the insulator 515, and there was little or no sign of arcing on the shields 716,
511, and 513.

[00078] A fifth vacuum fault interrupter 700 having a structure substantially identical to
the fourth vacuum fault mterrupter also performed well 1n power testing. In a 38 kV single
phase test, the vacuum fault mterrupter 700 successfully completed two IEEE C37.60-2003
fault interrupting duties, demonstrating the vacuum fault interrupter’s ability to interrupt and
withstand the high 38 kV single phase TRV levels that are associated with this duty, 1.e.: 82.8
kV for the 90% to 100% fault level mterruptions, 90.2 kV for the 45% to 55% fault level
interruptions, and 95.2 kV for the 15% to 20% fault level interruptions.

[00079]  Basic Impulse Level (BIL) Testing:

[00080] Multiple tests, in both fluid insulation and solid insulation, have been conducted

using a BIL generator to simulate the withstand level of various designs of exemplary
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vacuum Interrupters under various transient conditions, such as a lightning surge. The
vacuum fault interrupters were tested for compliance with established testing standards,
including IEEE standard C37.60-2003, especially section 6.2.1.1 thereof, entitled “Lightning
impulse withstand test voltage.” IEEE standard C37.60-2003 requires the interrupter to
withstand (1.e., maintain a voltage without a discharge) a wave that rises to a predetermined
peak 1n 1.2 microseconds and then decays to half that peak in 50 microseconds. The vacuum
fault interrupter needs to withstand voltage in four conditions: energized on the moving end
with both positive and negative voltage waves while the stationary end 1s grounded, and
energized from the stationary end with positive and negative voltage waves while the moving
end 1s grounded. During each condition, the mterrupter must withstand three high voltage
impulses. If the vacuum fault interrupter fails to withstand any of those high voltage
impulses, the vacuum fault iterrupter must successfully withstand nine additional voltage
impulses (without any failures to withstand) to comply with the standard. Alternatively, the
vacuum fault interrupter can be subjected to 15 impulse waves in each condition, of which
the vacuum fault interrupter can fail to withstand a maximum of two, to comply with standard
IEC 60060-1-1989-11.

[00081] Typically, for a 27 kV system, a vacuum fault interrupter 1s expected to withstand
a BIL of 125 kV. Typically for a 38 kV system, a vacuum fault interrupter 1s expected to
withstand a BIL of 150 kV. However, due to increased expectations for power systems, it 1s
becoming increasingly common for a vacuum interrupter to be expected to withstand 170 kV.
[00082] Based on extensive testing results, the table below shows the typical range for the
BIL withstand that could be expected for certain exemplary vacuum fault interrupters having
structures substantially similar to vacuum fault interrupters 100, 500, and 700. Each of the
interrupters had a three inch outside diameter and 1.75 inch diameter electrical contacts. In
some cases, the BIL has only been tested for some conditions, resulting i some blank cells
the table. Also, in some cases, few samples have been tested, leading to smaller than the

typical scatter for the distribution for the measurements.
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[00083] BIL Test Results for Vacuum Fault Interrupters 100, 500, and 700

Contact
Backing

140-160
145-160
700/100* _|{Cu70/Cr30 R
700 |{Cu35/Cr65 I
u35/Cr65 I

7 u70/Cr30[Stainless Steel] 155-175 | 160-175 | 160-175 |
* Interrupter substantially similar to 700, but using stainless steel contact backing of 100

** Interrupter was not tested higher than 150 kV
[00084] As can be seen from these results, while vacuum interrupters that have designs

i

O

that are substantially similar to exemplary vacuum interrupters 100 and 500 can be expected
, 10 have a BIL withstand of approximately 145 kV to 160 kV, vacuum mnterrupters that have
designs thét are substantially similar to exemplary vacuum interrupter 700 can be expected to
have a higher BIL withstand, on the order of 160 to 175 kV.
[00085] In conclusion, the foregoing exemplary embodiments enable a vacuum fault
interrupter. Many other modifications, features, and embodiments will become evident to a
person of ordinary skill in the art having the benefit of the present disclosure. For example,
some or all of the embodiments described herein can be adapted for usage in other types of
vacuum switchgear, such as vacuum switches used for isolating sections of a distribution line,
switching in and out load currents, or switching in or out capacitor banks used for controlling
power quality. Many of these other vacunm products are subject to high voltage applications
and long useful life requifements, for which certain of the embodiments described herein can
be applied and/or adapted. It should be appreciated, therefore, that many aspects of the
invention were described above by way of example only and are not intended as required or
essential elements of the invention unless explicitly stated otherwise. It should also be
understood that the invention is not restricted to the illustrated embodiments and that various

modifications can be made within the 'scope of the following claims.
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CLAIMS:

1. A vacuum interrupter, comprising:
an electrode assembly comprising an electrical contact;

an 1nsulator comprising electrically-insulating material disposed substantially

around the electrode assembly; and

a shield disposed between the insulator and the electrode assembly and configured
to prevent arc plasma from the electrical contact of the electrode assembly from depositing on at
least a portion of a surface of the insulator, the shield comprising a first segment configured to
align the shield with the insulator, a second segment that extends away from the insulator, and a
final segment that extends towards the insulator and comprises a tip of the shield, the final
segment not extending towards the second segment and the tip of the shield disposed at

approximately a 90 degree angle relative to a longitudinal axis of the electrode assembly,

whereln an axial distance between the first segment and the final segment is

greater than an axial distance between the first segment and the second segment; and

wherein a line perpendicular to and extending through the longitudinal axis of the

electrode assembly extends through the tip and intersects the shield in only two locations in a

cross-section of the shield.

2. " The vacuum interrupter of claim 1, further comprising a second electrode
assembly comprising an electrical contact, the second electrode assembly being disposed on a
common longitudinal axis with respect to the other electrode assembly and configured to move

toward and away from the other electrode assembly, along the common longitudinal axis.

3. The vacuum interrupter of claim 2, wherein at least one of the electrode
assemblies further comprises a contact backing and a tubular coil conductor, the contact backing
being disposed substantially between the electrical contact and the tubular coil conductor and

extending in an axial direction outside a diameter of the tubular coil conductor.

20D
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4. - The vacuum interrupter of claim 1, wherein the shield comprises two second
segments extending away trom the insulator and two third segments extending towards the

insulator, each of the third segments comprising a tip of the shield.

5. The vacuum interrupter of claim 1, wherein the electrode assembly further
comprises a contact backing and a tubular coil conductor, the contact backing of the electrode

assembly being disposed substantially between the electrical contact and the tubular coil

conductor and extending in an axial direction outside a diameter of the tubular coil conductor.

6. The vacuum interrupter of claim 5, wherein the contact backing is configured to

reduce electrical stress of the vacuum interrupter.

7. The vacuum 1nterrupter of claim 5, wherein the contact backing comprises

stainless steel.

8. The vacuum interrupter of claim 5, wherein the contact backing comprises a notch

tor receiving a protrusion of the tubular coil conductor.

9. The vacuum interrupter of claim 1, wherein the vacuum interrupter is a vacuum

fault interrupter.

10. ~ The vacuum interrupter of claim 1, wherein the vacuum interrupter 1S a vacuum

switch configured to isolate a section of a power distribution line.

11. The vacuum interrupter of claim 1, wherein the vacuum interrupter is a vacuum

switch configured to switch load currents.

12. The vacuum interrupter of claim 1, wherein the vacuum interrupter is a vacuum

switch configured to switch a capacitor bank.
13. A shield of a vacuum interrupter, comprising:

an elongated member comprising two portions convening at a point, each of the

portions comprising a first segment configured to extend away from an insulator of a vacuum fault
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interrupter and a final segment disposed adjacent the first segment and configured to extend
towards the insulator, the final segment of each of the portions comprising a tip of the respective
portion, each final segment not extending towards the first segment of its respective portion and
the tip of each respective portion disposed at approximately a 90 degree angle relative to a

longitudinal axis of the electrode assembly,

wherein an axial distance between the point and the final segment 1s greater than

an axial distance between the point and the first segment,

wherein the elongated member 1s configured to prevent arc plasma from electrical
contacts of an ¢lectrode assembly of the vacuum interrupter from depositing on at least a portion

of a surface of the insulator; and

wherein a line perpendicular to and extending through the longitudinal axis of the
electrode assembly extends through the tip and intersects the shield in only two locations in a

cross-section of the shield.

14. - A vacuum nterrupter comprising the shield of claim 13.
15. A vacuum fault interrupter comprising the shield of claim 13.
16. A power distribution system, comprising:

a distribution power line configured to provide power to at least one customer; and

a switchgear coupled to the distribution power line and configured to 1solate a

current fault in the distribution power ling, the switchgear comprising:
a vacuum interrupter comprising:

an electrode assembly comprising an electrical contact,

an insulator comprising electrically-insulating material disposed substantially

about the electrode assembly, and

-4 -



10

15

20

235

CA 02688198 2017-01-06

52479-36

a shield disposed between the insulator and the electrode assembly and configured
to prevent arc plasma from the electrical contact of the electrode assembly from depositing on at
least a portion of a surface of the insulator, the shield comprising a first segment configured to
align the shield with the insulator, a second segment extending away from the insulator, and a
final segment extending towards the insulator and comprising a tip of the shield, the final segment
not extending towards the second segment, wherein an axial distance between the first segment
and the final segment is greater than an axial distance between the first segment and the second
segment, the-tip not extending towards the second segment and the tip disposed at approximately

a 90 degree angle relative to a longitudinal axis of the electrode assembly,

wherein a line perpendicular to and extending through the longitudinal axis of the
electrode assembly extends through the tip and intersects the shield in only two locations in a

cross-section of the shield.

17.  The power distribution system of claim 16, wherein the vacuum interrupter further
comprises a second electrode assembly comprising an electrical contact, the second electrode
assembly being disposed on a common longitudinal axis with respect to the electrode assembly
and configured to move toward and away from the electrode assembly, along the common

longitudinal axis.

18. - The power distribution system of claim 17, wherein at least one of the electrode
assemblies further comprises a contact backing and a tubular coil conductor, the contact backing

being disposed substantially between the electrical contact and the tubular coil conductor and

extending 1n an axial direction outside a diameter of the tubular coil conductor.

19. The power distribution system of claim 16, wherein the electrode assembly further
comprises a contact backing and a tubular coil conductor, the contact backing of the electrode

assembly being disposed substantially between the electrical contact and the tubular coil

conductor and extending in an axial direction outside a diameter of the tubular coil conductor.

20. The power distribution system of claim 16, further comprising a substation

configured to provide the power to the distribution power line.
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