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COMBINED DECLARATION AND ASSIGNMENT OF PATENT RIGHTS

WHEREAS, the below-named persons (hersinafter referred to s “Assignons” or “foventors”™)
have made one of more new and usefy] inventions which are claimed, disclosed and/or described in the
patent application identified in Section L below (hereinafter onllectively referred to as “the Invention™);

WHEREAS, ABB Schweiz AG (hereinafler referred 1o as “Assignee”} a legal sntity organized
under the laws of Switzerland, desires to doquire the entire right, title and interest in, to and under the
Invention and any and all United States, foreign and international patent applications and patents which
claim, disclose and/or describe the Invention; and

NOW, THEREFORE, {or good, valusble and sufficient consideration to the Assignors, the
receipt and sufficiency of which are hereby acknowledged, Assignors and Assignes agres as follows:

k BECLARATION
As ong of the below-named Jnventors T hereby declare that:

This deelaration e divecied to the application entitied FAULT MITIGATION IN MEDIUM
YVOLTAGE DISTRIBUTION NETWORKS which:

X _is attached hersto, or
.. was filed as U.S. or PCT Application No, D

The above-identified spplication was made or authorized to be made by me,
I believe that | am the eriginal inventor or an eriginal joint inventor of a claimed nvention in
the application,

I hereby acknowledge that any willful false statcroent made in this declaration is punishable
under 18 UR.C. 1001 by fine or imprisenment of not moze than five (8 years, orhoth.

i 8 ASSIGNMENT OF FATENT RIGHTSR

Al Assignment of Patent Rishis

Assignors hereby assign and fransfer to Assignee, its successors and assigns, the entire right,
title, and interest in, 1o and under (i) the Investion, () any and all United Stutes, foreign and
indernational patentapphications which claim, disclose or deseribe the Invention inchuding, without
Hnsitation, the apglicatioy ideutified in Séction 1. akove, (i
iu-past, divisionals, foreign counterparts, reexaminations, reissuss, extensions and applications claiming
the benefit of or priority to any of the foregoing, (iv) any and ol rights to claim prionty to any of the
foregoing, snd {v) any and all rights t bring an setion under, recsive and collect damages for
infringement of any ofthe foregoing and/or obtain injunctive relief for infringement of any of
foregoing (hereinafter collectively referred to as “the Assigned Patent Rights™).

Assignors acknowledge and agree that the Assigned Patent Rights include any and all future
applications not Sled at the time of execution of this agreement which discloss, describe and/orclaim
subject matter of the Invention, or which claim priority o or the benefit of an application or patent
which discloses, describes and/or claims subject matter of the Invention. With respect to such fuhure
applications, Assignors hersby authorize Assignee, ifs counsel, or its agents to append information
identifying such applications as an Exhibit A to this decument or 1o add information idendifying such
applications to Section I shove at the discretion of Assignee, its attorneys, or its agents.

B. Altsement o Baeemte Additional Documents and Provide Further Assistance

Assignors agres o exeonts suy and all other documents necessary or desirable to document,
memoriatize or perfeet Assignee’s intorest in the Assigned Patent Rightz and o excenteany and all
othier documents and to provide any firther assistance necessary or desirable for the procurement of
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patent rights on the shove referenced nvention in the United Sates aad all foreign countries:
. Binding, Complete and B

Assignors acknowledge that (&) this isan enforceable agreement; (i) this agreement embodies
the entire and only understanding between Assignors and Assignes with respeot to the subject matter of
this agreement; (1} no oral explanation or oral information by either party hereto shall alter the
meaningor bderpretation of this agreement; and (iv) if any provision of this agreement is held to be
undawiul or unenforceable, such provision shall be Hmited or eliminated to the mindmum extent
necessary so thatthe remeinder of this agroement will continue w fsll force and offoct and be
enforceable.

forceable Agrestosnt

\\\\\\\\\\\\\\\\\\\\\\\ ARA TR

) Execution

This agrserient tay be execoted'in cousterparts or duplicate originals, both of which shall be
regarded as ong and the same instrument, and which shall be the official and governing version inthe
interpretation of this agroement. This agrosment may be excouted by facsimile signatures orother
cloctronic means and such signatures shall be deemed binding as 1f they were onginal signatues.

{Signature Pages Follow]

239071188

e ]
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Signed and executed this | N day of

i

Wilnessed by:

Signatwre:

Printed Name:

Date;

Signature:

Primied Name:

Prate:

LHOTIEL
3
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Signed and executed this ¢

Frans Dijkh‘uiz&n
Witnessed by

Signature:

Printed Name:

Signatmre: i

Printed Name;

Date;,

23ATIINA
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Signed and executed this S dayof

Aertii Berggraf

Witnessed by

Signatare:

Printed Name:

Date:

Sigaature:

Printed Name:

Prate

23507111
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24082864.1 Atty. Dkt. No. ABBI-2919

FAULT MITIGATION IN MEDIUM VOLTAGE DISTRIBUTION NETWORKS

BACKGROUND
[0001] The present disclosure relates generally to medium voltage alternating current
(MVAC) distribution networks. Fault location and isolation is an important function of
distribution control systems. Existing fault location and isolation methods for network control
systems suffer from a number of shortcomings and disadvantages. There remain unmet needs
including decreasing stress on feeder line components, reducing network downtime, and
increasing longevity of devices in distribution networks. For instance, after a substation circuit
breaker trips in response to a fault, an entire feeder line is deenergized so as to eliminate any
fault current. Without the fault current and voltage, the location of the fault is difficult to detect.
Therefore, in order to detect the location of the fault, distribution networks normally require
feeder line components to be subjected to high-fault currents while a distribution control system
iteratively recloses the substation circuit breaker and disconnector switches until a fault is
located and isolated. In view of these and other shortcomings in the art, there is a significant

need for the unique apparatuses, methods, systems and techniques disclosed herein.
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24082864.1 Atty. Dkt. No. ABBI-2919

DISCLOSURE OF ILLUSTRATIVE EMBODIMENTS
[0002] For the purposes of clearly, concisely and exactly describing non-limiting
exemplary embodiments of the disclosure, the manner and process of making and using the
same, and to enable the practice, making and use of the same, reference will now be made to
certain exemplary embodiments, including those illustrated in the figures, and specific language
will be used to describe the same. It shall nevertheless be understood that no limitation of the
scope of the present disclosure is thereby created, and that the present disclosure includes and
protects such alterations, modifications, and further applications of the exemplary embodiments

as would occur to one skilled in the art with the benefit of the present disclosure.

SUMMARY OF THE DISCLOSURE
[0003] Exemplary embodiments of the disclosure include unique systems, methods,
techniques and apparatuses for fault mitigation in medium voltage distribution networks. Further
embodiments, forms, objects, features, advantages, aspects and benefits of the disclosure shall

become apparent from the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Fig. 1 illustrates an exemplary distribution network.
[0005] Fig. 2 illustrates an exemplary process for locating and isolating a fault.
[0006] Figs. 3A-I illustrate the exemplary distribution network of Fig. 1 using the

exemplary process of Fig. 2.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0007] With reference to Fig. 1, there is illustrated an exemplary medium voltage
alternating current (MVAC) distribution network 100 structured to distribute MVAC. It shall be
appreciated that the topology of network 100 is illustrated for the purpose of explanation and is
not intended as a limitation of the present disclosure. For example, network 100 may include
additional substations, additional feeder lines, additional DC links, additional isolation devices,
or additional tie switches, to name but a few examples. Although network 100 is illustrated with
a single line diagram, network 100 is structured to transmit multiphase power. It shall be
appreciated that MVAC includes a voltage between 1000V and 72kV, low voltage alternating
current (LVAC) includes a voltage less than 1000V, and high voltage alternating current
(HVAC) includes a voltage greater than 72kV.
[0008] Network 100 includes a substation 110, feeder lines 120 and 130, and direct
current (DC) link 140. Substation 110 is coupled to a transmission line 101 and structured to
receive HVAC from line 101, step down the received HVAC to MVAC, and output the MVAC.
Feeder lines 120 and 130 are coupled to substation 110 and coupled together by tie switch 103.
Feeder lines 120 and 130 are structured to receive MVAC from substation 110. DC link 140 is
coupled to feeder lines 120 and 130, and structured to transfer LVAC or MVAC between feeder
lines 120 and 130. In certain embodiments, DC link 140 may include additional components
such as transformers or filters, to name but a few examples.
[0009] Substation 110 includes a step-down transformer 111, a medium voltage bus 113,
circuit breakers 115 and 117, and substation controller 119. Step-down transformer 111 is
coupled to line 101 and bus 133, and structured to receive HVAC from line 101, step down the
voltage of the received power to MVAC, and output MVAC to bus 113. Circuit breaker 115 is
coupled between bus 113 and feeder line 120, and structured to selectively interrupt MVAC
flowing from bus 113 to feeder line 120. Circuit breaker 117 is coupled between bus 113 and
feeder line 130, and structured to selectively interrupt MVAC flowing from bus 113 to feeder
line 130. Circuit breakers 115 and 117 may be structured to interrupt power flow in response to
detecting a fault condition or may be structured to receive a command to interrupt power flow
which is transmitted in response to another device detecting the fault condition. Examples of a
fault condition, also known as a fault, include a ground fault in a grounded system, or a ground

fault in an ungrounded system, to name but a few examples.
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[0010] Substation controller 119 is structured to communicate with DC link controller
145 and the switching device of network 100 by way of communication channels 118, which
may be wired or wireless. Controller 119 is structured to monitor electrical characteristics of
network 100 and switch statuses of switching devices of network 100. Controller 119 is
structured to control the switching devices of network 100, including circuit breakers 115 and
117, tie switch 103, and the isolation devices of feeder lines 120 and 130. As explained in more
detail below, controller 119 may control the switching devices of network 100 in response to
receiving commands or measurements from DC link controller 145. In certain embodiments, the
isolation devices of feeder line 120 and 130 may instead be operated manually by a field
technician.

[0011] Feeder line 120 includes a first end coupled to circuit breaker 115 and a second
end coupled to tie switch 103. Feeder line 120 also includes isolation devices 121a-121d coupled
between a plurality of connection points 123a-e. Each isolation device may be a disconnector
switch or another type of switching device structured to interrupt the flow of current through a
portion of feeder line 120. Each connection point represents a point on feeder line 120 where a
DC link, a distributed energy resource, or a load is coupled. A load may include a medium
voltage/low voltage substation, or a device structured to consume MVAC, to name but a few
examples. In certain embodiments, each feeder line may include multiple isolation devices
coupled between connection points such that a fault may be isolated from all connection points
of a feeder line by opening two isolation devices.

[0012] Feeder line 130 includes a first end coupled to circuit breaker 117 and a second
end coupled to tie switch 103. Feeder line 130 also includes isolation devices 131a-131d coupled
between a plurality of connection points 133a-e. Each isolation device is structured to be opened
so as to interrupt or prevent the flow of current through a portion of feeder line 130. In certain
embodiments, each isolation device may only be operated while a feeder line is deenergized
since the isolation device is not structured to interrupt the flow of a load current or fault current.
Each connection point represents a point on feeder line 130 where a DC link or a load is coupled.
A load may include a medium voltage/low voltage substation, or a device structured to consume
MVAC, to name but a few examples.

[0013] DC link 140 includes an AC/AC power converter 142, a DC link controller 145,

and a measuring device 147. DC link 140 is structured to transmit MVAC between feeder lines
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120 and 130 during normal operation of network 100. During a fault condition, DC link 140 is
structured to receive MVAC from one feeder line and output LVAC to the other feeder line.
[0014] AC/AC power converter 142 includes an AC/DC power converter 141 coupled to
connection point 123b, AC/DC power converter 143 coupled to connection point 133b, and a DC
bus 149 coupled between converters 141 and 143. DC link controller 145 is structured to operate
AC/AC power converter 142 so as to receive MVAC with AC/DC power converter 143, convert
the MVAC to DC power with converter 143, output the DC power to DC bus 149, convert the
DC power to LVAC or MVAC with AC/DC power converter 143, and output the LVAC or
MVAC with converter 141. DC link controller 145 may also be structured to operate AC/AC
power converter 142 so as to receive MVAC with AC/DC power converter 141, convert the
MVAC to DC power with converter 141, output the DC power to DC bus 149, convert the DC
power to LVAC or MVAC with AC/DC power converter 143, and output the LVAC or MVAC
with converter 143. The DC power received with DC bus 149 may be either low voltage DC
power or medium voltage DC power.

[0015] Measuring device 147 is in communication with controller 145 and structured to
measure a voltage of the multiphase power transmitted between connection point 123b and DC
link 140. Device 147 may be a voltage sensor, a voltage transformer, or another device structured
to measure electrical characteristics corresponding to multiphase voltage. Device 147 may
communicate with DC link controller 145 by way of a wired or wireless communication channel.
[0016] DC link controller 145 is in communication with measuring device 147,
substation controller 119, and AC/AC power converter 142. As explained in more detail below,
DC link controller 145 is structured to detect a deenergized feeder line, output an LVAC test
voltage to the deenergized feeder line, determine fault location while substation controller 119
operates isolation devices of the feeder line, and isolate the fault from a healthy portion or
portions of the feeder line. In certain embodiments, DC link controller 145 is structured to
perform the functions described with respect to substation controller 119.

[0017] In the illustrated embodiment, DC link controller 145 and substation controller
119 have isolated a fault 124 occurring at connection point 123d by opening isolation devices
121c and 121d. DC link controller 145 may detect faults at any point on the feeder lines,

including feeder line segments between connection points. To reconnect the healthy portions of
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feeder line 120 to substation 110, circuit breaker 115 is reclosed after the fault has been isolated
and tie switch 103 is also closed.

[0018] With reference to Fig. 2, there is illustrated an exemplary process 200 for
mitigating a fault condition in an MVAC distribution network. Process 200 may be implemented
with the DC link controller and substation controller of network 100. In certain forms, the
switching device operation may be performed by the DC link controller. In certain forms, the
DC link controller may perform all control functionalities. It shall be further appreciated that a
number of variations and modifications to process 200 are contemplated including, for example,
the omission of one or more aspects of process 200, the addition of further conditionals and
operations, and/or the reorganization or separation of operations and conditionals into separate
processes.

[0019] Process 200 begins at operation 203 where a fault condition is detected on a
feeder line in the MV AC distribution network. The detected fault may be a ground fault in a
grounded system or a ground fault in an ungrounded system, to name but a few examples. The
fault may be detected by a relay in a substation and a DC link controller.

[0020] Process 200 then proceeds to operation 205 where the feeder line circuit breaker
opens in response to the presence of the fault condition. During operation 205, the DC link
controller stops any power flow through the DC link to the feeder line with the fault condition.
After the feeder line circuit breaker is opened, the affected feeder line is isolated from the
substation and becomes deenergized.

[0021] Process 200 then proceeds to operation 207 where a DC link outputs power to the
deenergized feeder line structured to determine the location of the fault without subjecting the
feeder line and attached components to high fault currents. The power includes an LVAC test
voltage. The DC link controller controls the output of the DC link so that the output power does
not exceed an LVAC threshold. The LVAC threshold may be a value sufficiently low enough to
detect the fault location while subjecting loads coupled to the deenergized feeder line to a current
less than a fault current flowing through a reclosed substation circuit breaker. For example, the
LVAC test voltage may be less than 3% of a nominal MVAC voltage of the MVAC distribution
network. In another example, the LVAC test voltage is less than 10% of nominal MVAC
voltage. In still another example, the LVAC test voltage is less than 80% of nominal MVAC

voltage.
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[0022] Process 200 proceeds to operation 209 where the disconnector switches are used
to locate the fault. A disconnector switch is opened and the feeder voltage proximate to the DC
link is measured. If the voltage vectors of the measured voltage are symmetrical, the opened
disconnector switch has isolated the fault from the DC link. If the voltage vectors are not
symmetrical, the opened disconnector switch has not isolated the fault from the DC link. The
disconnector switch may be operated by the substation controller or the DC link controller. In
certain embodiments, the DC link controller transmits a measurement, a command, or an analysis
of the measurements to a substation controller which operates the disconnector switch in
response to receiving data from the DC link controller. For example, the DC link controller may
transmit voltage measurements, an instruction to open a particular disconnector switch, or a
value indicating whether the voltage measurements are symmetrical.

[0023] Process 200 proceeds to conditional 211. If operation 209 isolated the fault,
process 200 proceeds to operation 213. If operation 209 did not isolate the fault, process 200
returns to operation 209 where disconnector switches are arranged in another configuration. A
loop of operation 209 and conditional 211 continues until the fault is located.

[0024] During operation 213, the switching devices on either side of the fault are opened
in a configuration that isolates the faulted portion of the feeder line from the healthy portion or
portions of the feeder line.

[0025] Process 200 then proceeds to operation 215 where the feeder line circuit breaker
is reclosed, energizing a healthy portion of the feeder line. If a healthy portion of the feeder line
is located at the end of the feeder line, the tie switch may be closed to energize the end of the
feeder line. Process 200 then proceeds to end operation 217.

[0026] With reference to Figs. 3A-31, there is illustrated an exemplary process for
mitigating a fault in the MVAC distribution network 100 of Fig. 1. Each figure includes a graph
illustrating voltage vectors corresponding to measurements of voltage at point 123b relative to a
reference axis.

[0027] In the initial state of network 100, as shown in Fig. 3A, all portions of feeder lines
120 and 130 are coupled to substation 110 and are receiving MVAC. Graph 301 illustrates
symmetrical voltage vectors each having a magnitude of 1 p.u.

[0028] As shown in Fig. 3B, feeder line 120 begins to experience a fault condition 124 at
connection point 123d between isolation devices 121c and 121d. As illustrated in graph 303, the
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measured voltage vectors are asymmetrical with a reduced magnitude in response to the fault
condition.

[0029] As shown in Fig. 3C, circuit breaker 115 opens in response to detecting fault
condition 124, isolating feeder 120 from substation 110. Since substation 110 was the only
source of power for feeder line 120, there is no power flowing through feeder line 120.
Accordingly, graph 305 illustrates an absence of measured voltage vectors by measuring device
147.

[0030] As shown in Fig. 3D, DC link 140 begins to apply a small voltage to feeder line
120. Graph 307 illustrates asymmetrical voltage vectors with magnitudes corresponding to low
voltage. Since DC link 140 is not isolated from fault condition 124, the voltage vectors remain
asymmetrical.

[0031] As shown in Figs. 3E-3G, the substation controller 119 begins to operate the
isolation devices while DC link controller 145 measures voltages following each operation. In
the illustrated process, the farthest isolation device on either side of the DC link connection point
is opened first, followed by the second farther and so on until the fault is isolated from the DC
link. In other embodiments, the isolation device may be opened in another pattern.

[0032] In Fig. 3E, substation controller 119 opens isolation device 121d. As shown in
graph 309, the voltage vectors remain asymmetrical and, therefore, DC link controller 145 will
determine fault condition 124 has not been isolated from the DC link 140.

[0033] In Fig. 3F, substation controller 119 opens isolation device 121a. As shown in
graph 311, the voltage vectors remain asymmetrical and, therefore, DC link controller 145 will
determine fault condition 124 has not been isolated from DC link 140.

[0034] In Fig. 3G, substation controller 119 opens isolation device 121¢. As shown in
graph 313, the voltage vectors become symmetrical and, therefore, DC link controller 145 will
determine fault 124 has been isolated from DC link 140.

[0035] In Fig. 3H, substation controller 119 isolates fault 124 from a healthy portion of
feeder line 120 by opening isolation device 121d.

[0036] Finally, in Fig. 31, the healthy portions of feeder line 120 are reenergized in
response to isolating the faulted portion of the feeder line by closing tie switch 103 and circuit

breaker 115. Graph 317 illustrates symmetrical voltage vectors each having a magnitude of 1 p.u.
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[0037] Further written description of a number of exemplary embodiments shall now be
provided. One embodiment is a fault mitigation system for a medium voltage alternating current
(MVAC) distribution network including a first feeder line and a second feeder line, the first
feeder line including a plurality of isolation devices, the fault mitigation system comprising: a
direct current (DC) link coupled to the first feeder line and the second feeder line; and a control
system structured to determine the first feeder line is deenergized, operate the DC link so as to
receive MVAC from the second feeder line and output low voltage alternating current (LVAC)
to the first feeder line, operate the plurality of isolation devices, measure the LVAC in response
to operating the plurality of isolation devices, determine a fault is isolated from a healthy portion
of the first feeder line using the received LVAC voltage measurements, and reenergize the
healthy portion of the first feeder line.

[0038] In certain forms of the foregoing fault mitigation system, the LVAC includes a
voltage less than 1000V and the MVAC includes a voltage between 1000V and 72kV. In certain
forms, a voltage of the LVAC is equal to or less than 3% of a voltage of the MVAC. In certain
forms, the first feeder line includes a circuit breaker structured to selectively interrupt the flow of
MVAC from a substation to the first feeder line, wherein the control system is structured to
detect the fault in the first feeder line and open the circuit breaker in response to detecting the
fault before determining the first feeder line is deenergized, and wherein reenergizing the healthy
portion of the first feeder line includes closing the circuit breaker. In certain forms, determining
the fault is isolated from the healthy portion of the first feeder line includes determining a set of
voltages of the received LVAC measurements are symmetrical. In certain forms, the DC link
includes a bidirectional AC/AC converter structured to receive MVAC from the second feeder
line, convert the MVAC to DC power, and convert the DC power to LVAC. In certain forms, the
control system is structured to isolate a second healthy portion of the first feeder line in response
to determining the fault is isolated from the first healthy portion, and reenergize the second
healthy portion of the first feeder line in response to isolating the second healthy portion. In
certain forms, the control system includes a substation controller, a DC link controller, and a
measuring device.

[0039] Another exemplary embodiment is a fault mitigation system for a medium voltage
alternating current (MVAC) distribution network including a first feeder line and a second feeder

line, the first feeder line including a plurality of isolation devices, the fault mitigation system
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comprising: a direct current (DC) link coupled to the first feeder line and the second feeder line;
and a control system structured to determine the first feeder line has been deenergized in
response to a fault, operate the DC link so as to receive MVAC from the second feeder line and
output low voltage alternating current (LVAC) to the first feeder line, receive a first set of
voltage measurements corresponding to the LVAC, open a first isolation device of the plurality
of isolation devices in response to receiving the first set of voltage measurements, receive a
second set of voltage measurements corresponding to the LVAC, determine the fault is isolated
from a healthy portion of the first feeder line using the second set of measurements, and
reenergize a portion of the first feeder line in response to determining the fault is isolated.

[0040] In certain forms of the foregoing fault mitigation system, a voltage of the LVAC
is equal to or less than 3% of a voltage of the MVAC. In certain forms, the first feeder line
includes a circuit breaker structured to selectively interrupt the flow of MVAC from a substation
to the first feeder line, wherein the control system is structured to detect the fault in the first
feeder line and open the circuit breaker in response to detecting the fault before determining the
first feeder line is deenergized, and wherein reenergizing the healthy portion of the first feeder
line includes closing the circuit breaker for the first time since opening the circuit breaker in
response to detecting the fault. In certain forms, the first set of voltage measurements are
unsymmetrical, and wherein determining the fault is isolated from the healthy portion of the first
feeder line includes determining the second set of voltage measurements are symmetrical. In
certain forms, the fault includes a ground fault, and wherein the MVAC distribution network is
structured as an ungrounded network. In certain forms, the control system is structured to isolate
a second healthy portion of the first feeder line using a tie switch in response to determining the
fault is isolated from the first healthy portion and reenergize the second healthy portion of the
first feeder line in response to isolating the second healthy portion.

[0041] A further exemplary embodiment is a method for mitigating a fault in a medium
voltage alternating current (MVAC) distribution network including a first feeder line and a
second feeder line, the method comprising: operating, with a DC link controller, a direct current
(DC) link coupled to the first feeder line and the second feeder line; determining, with the DC
link controller, the first feeder line is deenergized; operating, with the DC link controller, the DC
link so as to receive MVAC from the second feeder line and output power to establish the LVAC

test voltage in the first feeder line; operating, with a substation controller, a plurality of isolation
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devices coupled to the first feeder line; measuring, with a measuring device, the LVAC test
voltage in response to operating the plurality of isolation devices; determining, with the DC link
controller, a fault is isolated from a healthy portion of the first feeder line using the received
LVAC test voltage measurements; and reenergizing, with the substation controller, the healthy
portion of the first feeder line.

[0042] In certain forms of the foregoing method, the LVAC test voltage includes a
voltage less than 1000V and the MVAC includes a voltage between 1000V and 72kV, and
wherein the LVAC test voltage is equal to or less than 3% of a voltage of the MVAC. In certain
forms, the first feeder line includes a circuit breaker structured to selectively interrupt the flow of
MVAC from a substation to the first feeder line, wherein the circuit breaker is structured to
detect the fault in the first feeder line and open the circuit breaker in response to detecting the
fault before determining the first feeder line is deenergized, and wherein reenergizing the healthy
portion of the first feeder line includes closing the circuit breaker. In certain forms, determining
the fault is isolated from the healthy portion of the first feeder line includes determining a set of
voltages of the received LVAC test voltage measurements are symmetrical. In certain forms, the
DC link controller is structured to isolate a second healthy portion of the first feeder line in
response to determining the fault is isolated from the first healthy portion and reenergize the
second healthy portion of the first feeder line in response to isolating the second healthy portion.
In certain forms, the fault includes a ground fault, and wherein the MVAC distribution network
is structured as an ungrounded network.

[0043] It is contemplated that the various aspects, features, processes, and operations
from the various embodiments may be used in any of the other embodiments unless expressly
stated to the contrary. Certain operations illustrated may be implemented by a computer
including a processing device executing a computer program product on a non-transient,
computer-readable storage medium, where the computer program product includes instructions
causing the processing device to execute one or more of the operations, or to issue commands to
other devices to execute one or more operations.

[0044] While the present disclosure has been illustrated and described in detail in the
drawings and foregoing description, the same is to be considered as illustrative and not
restrictive in character, it being understood that only certain exemplary embodiments have been

shown and described, and that all changes and modifications that come within the spirit of the
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present disclosure are desired to be protected. It should be understood that while the use of

29 CC 2%

words such as “preferable,” “preferably,” “preferred” or “more preferred” utilized in the
description above indicate that the feature so described may be more desirable, it nonetheless
may not be necessary, and embodiments lacking the same may be contemplated as within the
scope of the present disclosure, the scope being defined by the claims that follow. In reading the
claims, it is intended that when words such as “a,” “an,” “at least one,” or “at least one portion”
are used there is no intention to limit the claim to only one item unless specifically stated to the
contrary in the claim. The term “of” may connote an association with, or a connection to,
another item, as well as a belonging to, or a connection with, the other item as informed by the

2%

context in which it is used. The terms “coupled to,” “coupled with” and the like include indirect
connection and coupling, and further include but do not require a direct coupling or connection
unless expressly indicated to the contrary. When the language “at least a portion” and/or “a
portion” is used, the item can include a portion and/or the entire item unless specifically stated to

the contrary.
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CLAIMS

What is claimed is:
1. A fault mitigation system for a medium voltage alternating current (MVAC) distribution
network including a first feeder line and a second feeder line, the first feeder line including a
plurality of isolation devices, the fault mitigation system comprising:

a direct current (DC) link coupled to the first feeder line and the second feeder line; and

a control system structured to determine the first feeder line is deenergized, operate the
DC link so as to receive MVAC from the second feeder line and output low voltage alternating
current (LVAC) to the first feeder line, operate the plurality of isolation devices, measure the
LVAC in response to operating the plurality of isolation devices, determine a fault is isolated
from a healthy portion of the first feeder line using the received LVAC voltage measurements,

and reenergize the healthy portion of the first feeder line.

2. The fault mitigation system of claim 1 wherein the LVAC includes a voltage less than

1000V and the MVAC includes a voltage between 1000V and 72kV.

3. The fault mitigation system of claim 2 wherein a voltage of the LVAC is equal to or less

than 3% of a voltage of the MVAC.

4. The fault mitigation system of claim 1 wherein the first feeder line includes a circuit
breaker structured to selectively interrupt the flow of MVAC from a substation to the first feeder
line, wherein the control system is structured to detect the fault in the first feeder line and open
the circuit breaker in response to detecting the fault before determining the first feeder line is
deenergized, and wherein reenergizing the healthy portion of the first feeder line includes closing

the circuit breaker.

5. The fault mitigation system of claim 1 wherein determining the fault is isolated from the
healthy portion of the first feeder line includes determining a set of voltages of the received

LVAC measurements are symmetrical.
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6. The fault mitigation system of claim 1 wherein the DC link includes a bidirectional
AC/AC converter structured to receive MVAC from the second feeder line, convert the MVAC
to DC power, and convert the DC power to LVAC.

7. The fault mitigation system of claim 1 wherein the control system is structured to isolate
a second healthy portion of the first feeder line in response to determining the fault is isolated
from the first healthy portion and reenergize the second healthy portion of the first feeder line in

response to isolating the second healthy portion.

8. The fault mitigation system of claim 1 wherein the control system includes a substation

controller, a DC link controller, and a measuring device.

9. A fault mitigation system for a medium voltage alternating current (MVAC) distribution
network including a first feeder line and a second feeder line, the first feeder line including a
plurality of isolation devices, the fault mitigation system comprising:

a direct current (DC) link coupled to the first feeder line and the second feeder line; and

a control system structured to determine the first feeder line has been deenergized in
response to a fault, operate the DC link so as to receive MVAC from the second feeder line and
output low voltage alternating current (LVAC) to the first feeder line, receive a first set of
voltage measurements corresponding to the LVAC, open a first isolation device of the plurality
of isolation devices in response to receiving the first set of voltage measurements, receive a
second set of voltage measurements corresponding to the LVAC, determine the fault is isolated
from a healthy portion of the first feeder line using the second set of measurements, and

reenergize a portion of the first feeder line in response to determining the fault is isolated.

10.  The fault mitigation system of claim 9 wherein a voltage of the LVAC is equal to or less

than 3% of a voltage of the MVAC.

11.  The fault mitigation system of claim 9 wherein the first feeder line includes a circuit
breaker structured to selectively interrupt the flow of MVAC from a substation to the first feeder

line, wherein the control system is structured to detect the fault in the first feeder line and open
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the circuit breaker in response to detecting the fault before determining the first feeder line is
deenergized, and wherein reenergizing the healthy portion of the first feeder line includes closing
the circuit breaker for the first time since opening the circuit breaker in response to detecting the

fault.

12.  The fault mitigation system of claim 9 wherein the first set of voltage measurements are
unsymmetrical, and wherein determining the fault is isolated from the healthy portion of the first

feeder line includes determining the second set of voltage measurements are symmetrical.

13, The fault mitigation system of claim 9 wherein the fault includes a ground fault, and

wherein the MVAC distribution network is structured as an ungrounded network.

14.  The fault mitigation system of claim 9 wherein the control system is structured to isolate
a second healthy portion of the first feeder line using a tie switch in response to determining the
fault is isolated from the first healthy portion and reenergize the second healthy portion of the

first feeder line in response to isolating the second healthy portion.

15. A method for mitigating a fault in a medium voltage alternating current (MVAC)
distribution network including a first feeder line and a second feeder line, the method
comprising:

operating, with a DC link controller, a direct current (DC) link coupled to the first feeder
line and the second feeder line;

determining, with the DC link controller, the first feeder line is deenergized,;

operating, with the DC link controller, the DC link so as to receive MVAC from the
second feeder line and output power to establish the LVAC test voltage in the first feeder line;

operating, with a substation controller, a plurality of isolation devices coupled to the first
feeder line;

measuring, with a measuring device, the LVAC test voltage in response to operating the
plurality of isolation devices;

determining, with the DC link controller, a fault is isolated from a healthy portion of the

first feeder line using the received LVAC test voltage measurements; and
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reenergizing, with the substation controller, the healthy portion of the first feeder line.

16. The method of claim 15 wherein the LVAC test voltage includes a voltage less than
1000V and the MVAC includes a voltage between 1000V and 72kV, and wherein the LVAC test
voltage is equal to or less than 3% of a voltage of the MVAC.

17. The method of claim 15 wherein the first feeder line includes a circuit breaker structured
to selectively interrupt the flow of MVAC from a substation to the first feeder line, wherein the
circuit breaker is structured to detect the fault in the first feeder line and open the circuit breaker
in response to detecting the fault before determining the first feeder line is deenergized, and
wherein reenergizing the healthy portion of the first feeder line includes closing the circuit

breaker.

18. The method of claim 15 wherein determining the fault is isolated from the healthy portion
of the first feeder line includes determining a set of voltages of the received LVAC test voltage

measurements are symmetrical.

19.  The method of claim 15 wherein the DC link controller is structured to isolate a second
healthy portion of the first feeder line in response to determining the fault is isolated from the
first healthy portion and reenergize the second healthy portion of the first feeder line in response

to isolating the second healthy portion.

20. The method of claim 15 wherein the fault includes a ground fault, and wherein the

MVAC distribution network is structured as an ungrounded network.

Page 16 of 17

PATENT
REEL: 047995 FRAME: 0870



24082864.1 Atty. Dkt. No. ABBI-2919

ABSTRACT

Unique systems, methods, techniques and apparatuses of fault mitigation are disclosed.
One exemplary embodiment is a fault mitigation system for a medium voltage alternating current
(MVAC) distribution network including a direct current (DC) link and a control system. The DC
link is coupled to a first feeder line and a second feeder line. The control system is structured to
determine a first feeder line is deenergized, operate the DC link so as to receive MVAC from a
second feeder line and output low voltage alternating current (LVAC) to the first feeder line,
operate a plurality of isolation devices, measure the LVAC in response to operating the plurality
of isolation devices, determine a fault is isolated from a healthy portion of the first feeder line
using the received LVAC measurements, and reenergize the healthy portion of the first feeder

line.
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