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(57) Abstract: Systems, methods, techniques, and apparatuses of a medium voltage alternating current (MVAC) network are disclosed.
One exemplary embodiment is a direct current (DC) interconnection system (160) for an MVAC distribution network (100) including
an AC/AC power converter (170) including a first AC terminal (177) and a second AC terminal (179); a plurality of switching devices
(163) structured to selectively couple a first AC terminal (177) to a plurality of feeder line points (122,127,132) in the MVAC network
(100); and a control system (161) structured to receive a set of measurements, calculate a headroom value for each feeder line point
using the set of measurements, select a first feeder line point using the calculated headroom values, operate the plurality of switching
devices (163) so as to couple the first AC terminal (177) to the first feeder line point, and operate the AC/AC power converter (170) so
as to transmit MVAC power from the first AC terminal (177) to the first feeder line point.
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DIRECT CURRENT (DC) INTERCONNECTION SYSTEM FOR MEDIUM VOLTAGE
ALTERNATING CURRENT (MVAC) DISTRIBUTION NETWORK

BACKGROUND
[0001] The present disclosure relates generally to medium voltage alternating current
(MVAC) distribution networks. As high-demand loads and distributed energy resources are
added to MVAC and low voltage alternating current (LVAC) distribution networks, different
portions of the same network may experience mismatched power demands. Existing MVAC
distribution networks suffer from a number of shortcomings and disadvantages. There remain
unmet needs including increasing reliability, minimizing capacity constraints, and reducing
power losses. For instance, a feeder line of an MVAC network may transmit power close to line
capacity causing significant power losses and thermal stresses compared to another feeder line of
the same MV AC network transmitting power significantly lower than line capacity. Balancing
headroom by connecting the feeders using a tie switch arranges a network in a meshed
configuration, requiring additional power flow control and protection. Furthermore, closing a tie
switch may not be possible due to differences in voltage or phase angle. 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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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 medium voltage alternating current 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 a portion of the exemplary distribution network in Fig. 1.
[0006] Figs. 3-4 illustrate exemplary distribution networks with a DC interconnection

system coupled at feeder ends.

[0007] Fig. 5 is a flowchart illustrating an exemplary distribution network control
process.
[0008] Figs. 6A-9B illustrate power flow through exemplary distribution networks.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0009] With reference to Fig. 1, there is illustrated an exemplary medium voltage
alternating current (MV AC) distribution network 100 structured to receive high voltage
alternating current (HVAC) power from a power transmission network line 111 and provide
MVAC power through feeder lines to medium voltage loads or medium voltage/low voltage
(MV/LV) substations coupled to the feeder lines. It shall be appreciated that, for certain
applications, medium voltage refers to a voltage greater than or equal to 1kV and less than
100kV and low voltage refers to a voltage less than 1kV. For certain other applications, medium
voltage refers to a voltage greater than or equal to 1kV and less or equal to 72kV and low voltage
refers to a voltage less than 1kV. It shall also be appreciated that the topology of network 100 1s
illustrated for the purpose of explanation and is not intended as a limitation of the present
disclosure. Although network 100 is illustrated with a single line diagram, network 100 may be
structured to transmit single-phase or multiphase power.
[0010] Network 100 includes a high voltage/medium voltage (HV/MV) substation 110
coupled to a high voltage transmission network including line 111. Substation 110 includes a
step-down transformer 113 coupled to line 111, an MVAC bus 115 coupled to transformer 113,
and switching devices 117-119 coupled to bus 115. Step-down transformer 113 is structured to
receive HVAC power from line 111, step-down the high voltage of the HVAC power to medium
voltage, and output MVAC power to MV bus 115. It shall be appreciated that the switching
devices of network 100, including switching devices 117-119, may include a circuit breaker, a
disconnector switch, or any other type of switching device structured to interrupt the flow of
current in an MVAC distribution network.
[0011] Substation 110 includes an HV/MYV substation controller 112 structured to
communicate with wide area controllers, such as a supervisory control and data acquisition
(SCADA) system or system operator; controllable devices within network 100 including
switching devices 117-119 or tie switching devices 151 and 153; a plurality of measuring devices
within network 100 such as feeder line voltage and current sensors; and distribution network
controllers, such as DC interconnection controller 161. Substation controller 112 is structured to
operate the controllable devices of network 100 in response to receiving instructions or

information from a wide area controller, receiving instructions or information from distribution
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network controllers, or in response to detecting a fault within network 100, to name but a few
examples.

[0012] A plurality of feeder lines is coupled to bus 115 by way of switching devices 117-
119. Each switching device 117-119 is structured to selectively interrupt the flow of MVAC
power from transformer 113 to one feeder line. The plurality of feeder lines includes feeder lines
120, 130, and 140. Line 120 is coupled to switching device 117. Line 130 is coupled to switching
device 118. Line 140 is coupled to switching device 119.

[0013] Feeder line 120 includes feeder line points 122-127 where MV/LV substations,
distributed energy resources, or MV loads are coupled to feeder line 120. Feeder line 130
includes feeder line points 132-137 where MV/LV substations or MV loads are coupled to feeder
line 130. Feeder line 140 includes feeder line points 142-147 where MV/LV substations or MV
loads are coupled to feeder line 140. The ends of feeder lines 120 and 130 are selectively coupled
together by way of tie switch 151, and the ends of feeder lines 130 and 140 are selectively
coupled by way of tie switch 153.

[0014] Each feeder line may include a plurality of switching devices coupled between the
feeder line points. HV/MYV substation controller 112 is structured to operate one or more of said
switching devices effective to isolate a portion of a feeder line in response to detecting a fault
located in the portion to be isolated.

[0015] Network 100 includes a DC interconnection system 160 structured to selectively
connect a point on one feeder line to another point within network 100 and provide power
between the two points. System 160 may be structured to connect to any point on a feeder line,
including one of the feeder line points of the feeder lines, a line segment between feeder line
points, or at the end of the feeder line.

[0016] DC interconnection system 160 includes switchyards 163 and 165, AC/AC power
converter 170, and DC interconnection controller 161. Switchyard 163 includes a plurality of
switching devices structured to selectively couple AC terminal 177 of AC/AC power converter
170 to point 122 by way of line 186, point 127 by way of line 187, or point 132 by way of line
185. Switchyard 165 includes a plurality of switching devices structured to selectively couple
AC terminal 179 of AC/AC power converter 170 to point 133 by way of line 181, point 144 by
way of line 182, or point 137 by way of line 184. Each switchyard may be structured to

selectively couple more or fewer points of network 100 to an AC terminal, including points on
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the same feeder line, points on feeder lines coupled to one HV/MV substation, or points on
feeder lines coupled to separate HV/MYV substations in the same MV distribution network.
[0017] AC/AC power converter 170, also known as a DC link, includes AC/DC power
converters 171 and 173 coupled together by a DC bus 175. AC/DC power converter 171 is
coupled to AC terminal 177 and AC/DC power converter 173 is coupled to AC terminal 179.
AC/AC power converter 170 is structured to receive MVAC power at AC terminal 177, convert
the received power to medium voltage direct current (MVDC) power using AC/DC power
converter 171, transmit the MVDC power using DC bus 175, convert the MVDC power to
MVAC power using AC/DC power converter 173, and output MVAC power at AC terminal 179.
AC/AC power converter 170 may be bidirectional such that AC/AC power converter 170 is also
structured to receive MV AC power at terminal 179, convert the received power to MVDC power
using AC/DC power converter 173, transmit the MVDC power using DC bus 175, convert the
MVDC power to MVAC power using AC/DC power converter 171, and output MVAC power at
AC terminal 177. In certain embodiments, DC bus 175 may be replaced by a DC transmission
line so that converters 173 are located remotely from each other.

[0018] DC interconnection controller 161 is structured to operate AC/AC power
converter 170 and switchyards 163 and 165 using measurements received from measuring
devices of network 100. As explained in further detail below, controller 161 operates converter
170 in order to balance headroom of the feeder lines in network 100. Headroom may refer to a
remaining current capacity relative to a current rating of a feeder line. For example, if a 3kA
feeder line is transmitting 1kA, the headroom of the feeder line is 2kA. A negative headroom
value indicates the feeder line is overloaded, i.e. transmitting more current than its current rating,
In other embodiments, headroom may refer to a remaining power capacity relative to a power
rating of a feeder line, or a remaining voltage capacity relative to a voltage rating of a feeder line.
Since DC interconnection system 160 uses AC/DC/AC power conversion to transfer power, it is
possible to transfer power between feeder lines experiencing different voltage magnitudes,
different phase angles, or other conditions unsuitable for power transfer switches with tie
switches alone. Controller 161 may operate converter 170 in response to periodic polling of the
measuring devices or in response to a detected fault within network 100.

[0019] It shall be appreciated that any or all of the foregoing features of network 100
may also be present in the other MVAC distribution networks disclosed herein. While the
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embodiments described hereinafter may not specifically describe features analogous to the
features of network 100, such features may nonetheless be employed in connection with the
described systems.

[0020] With reference to Fig. 2, there 1s illustrated a portion 200 of MV AC distribution
network 100. Specifically, portion 200 includes AC/DC power converter 171, DC
interconnection controller 161, a plurality of measuring devices, and switchyard 163. The
plurality of measuring devices includes sensor 219 coupled to line 185, sensor 221 coupled to
line 186, sensor 223 coupled to line 187, and sensor 225 coupled to DC bus 175. Each sensor is
structured to measure electrical characteristics of the corresponding line, such as current, voltage,
or power. In other embodiments, each sensor may be replaced by a current transformer, a voltage
transformer, or a set of sensors, to name but a few examples. In other embodiments, the sensors
structured to generate a set of measurements for controller 161 may be located at feeder line
points, such as within an MV/LYV substation, or coupled to a feeder line segment, to name but a
few examples.

[0021] Switchyard 163 includes switching devices 211, 213, 215, and 217. Switching
device 211 is coupled between AC/DC power converter 171 and a common point for lines 185-
187 and structured to selectively interrupt the flow of current between AC/DC power converter
171 and lines 185-187. Switching device 213 is coupled to line 187 and structured to selectively
interrupt the flow of current through line 187. Switching device 215 is coupled to line 186 and
structured to selectively interrupt the flow of current through line 186. Switching device 217 is
coupled to line 185 and structured to selectively interrupt the flow of current through line 185.
[0022] The switching devices of switchyard 163 are controlled so as to selectively couple
AC/DC power converter to one of lines 185-187. In order to reconfigure the connection of the
DC interconnection system 160, each switching device of a switchyard may be briefly opened so
as to interrupt the flow of power through the switchyard. Once all switching devices are opened,
some of the switching devices may be closed so as to couple AC/AC power converter 170 with
the newly selected feeder line point. For example, switchyard 163 may first open switching
device 211 structured to interrupt load current through switchyard 163, then open any remaining
switching devices not structured to interrupt load current. In another example, AC/AC power
converter 170 is controlled by controller 161 to reduce the current through switchyard 163 to

zero before the switching devices of switchyard 163 are opened. In certain embodiments,
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switchyard 163 does not include switching device 211 and each of the other switching devices is
structured to interrupt load current.

[0023] It shall be appreciated that any or all of the foregoing features of portion 200 may
also be present in the other MV AC distribution networks disclosed herein. While the
embodiments described herein may not specifically describe features analogous to the features of
portion 200, such features may nonetheless be employed in connection with the described
systems.

[0024] With reference to Fig. 3, there is illustrated an exemplary MVAC distribution
network 300 including a DC interconnection system 310 coupled to the end of feeder lines 301,
303, and 305. DC interconnection system 310 includes an AC/AC power converter 330 and a
plurality of switching devices 320. AC/AC power converter 330 is structured to receive MVAC
power from one feeder line and output MVAC power to another feeder line. The plurality of
switching devices 320 is structured to selectively couple one end of AC/AC power converter 330
to a power-providing feeder line and a second end of the AC/AC power converter 330 to a
power-receiving feeder line.

[0025] The plurality of switching devices 320 includes switching device 322 coupled
between line 301 and an MVAC bus 311, switching device 324 coupled between line 303 and
bus 311, switching device 326 coupled between line 305 and bus 311, switching device 321
coupled between line 301 and an MVAC bus 313, switching device 323 coupled between line
303 and bus 313, and switching device 325 coupled between line 305 and bus 313. One end 331
of AC/AC power converter 330 1s coupled to MVAC bus 311 and another end of converter 330
is coupled to MVAC bus 313.

[0026] In the illustrated embodiment, power from lines 303 and 305 is being transferred
to line 301. Switching devices 322, 326, and 323 are closed. Switching devices 324, 325, and
321 are open. Power from line 303 is transmitted to line 301 by way of switching device 323,
then MVAC bus 313, then AC/AC power converter 330, then MVAC bus 311, and finally
switching device 322. Power from line 305 is transmitted to line 301 by way of switching device
326, then MVAC bus 311, and finally switching device 322.

[0027] System 310 may transfer power between any two feeder lines or transfer power
from two healthy feeder lines to a fault-isolated feeder line portion. For the purposes of

illustrating the flexibility of DC interconnection system 310, consider the following examples.
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First, consider a base configuration where the plurality of switching devices are all open and
AC/AC power converter 330 is disconnected from all feeder lines. If switching devices 322 and
323 are closed, power may be transferred between feeder lines 301 and 303 using AC/AC power
converter 330. If instead switching devices 322 and 325 are closed, power may be transferred
between feeder lines 301 and 305 using AC/AC power converter 330. If instead switching
devices 324 and 325 are closed, power may be transferred between feeder lines 303 and 305
using AC/AC power converter 330. It is important to note switching devices 321 and 326 are not
needed to connect one feeder line to another by way of AC/AC power converter 330. Each
feeder line may also receive power from multiple feeder lines in certain circumstances, such as
following a fault where a healthy portion of a feeder line is isolated. For example, where a fault
occurs on feeder line 301, switching devices 322 and 326 may be closed so as to directly connect
feeder line 301 to feeder line 305, and switching device 323 may be closed to as to connect
feeder lines 301 and 303 by way of AC/AC power converter 330.

[0028] It shall be appreciated that any or all of the foregoing features of network 300
may also be present in the other MVAC distribution networks disclosed herein. While the
embodiments described herein may not specifically describe features analogous to the features of
network 300, such features may nonetheless be employed in connection with the described
systems.

[0029] With reference to Fig. 4, there 1s illustrated an exemplary MV AC distribution
network 400 including a DC interconnection system 410 coupled to the end of feeder lines 401,
403, and 405. DC interconnection system 410 includes an AC/AC power converter 430 and a
plurality of switching devices 420. The AC/AC power converter 430 is structured to receive
MVAC power from one feeder line and output MV AC power to another feeder line. The
plurality of switching devices 420 is structured to selectively couple one end of AC/AC power
converter 430 to a power-providing feeder line and a second end of the AC/AC power converter
430 to a power-receiving feeder line.

[0030] The plurality of switching devices 420 includes switching device 422 coupled
between line 401 and an MVAC bus 411, switching device 424 coupled between line 403 and
bus 411, switching device 421 coupled between line 401 and an MV AC bus 413, switching
device 423 coupled between line 403 and bus 413, and switching device 425 coupled between
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line 405 and bus 413. One end 431 of AC/AC power converter 430 is coupled to MVAC bus 411
and another end 433 of converter 430 is coupled to MVAC bus 413.

[0031] In the illustrated embodiment, power from lines 403 and 405 is being transferred
to line 401. Switching devices 424, 421, and 425 are closed. Switching devices 422 and 423 are
open. Power from line 403 is transmitted to line 401 by way of switching device 424, then an
MVAC bus 411, then AC/AC power converter 430, then an MVAC bus 413, and finally
switching device 421. Power from line 405 is transmitted to line 401 by way of switching device
425, then MVAC bus 413, and finally switching device 421. It is important to note the plurality
of switching devices 420 is able to perform all the same combinations of power transfer as the
plurality of switching devices in Fig. 3 with one less switching device. It shall be appreciated that
any or all of the foregoing features of network 400 may also be present in the other MVAC
distribution networks disclosed herein. While the embodiments described herein may not
specifically describe features analogous to the features of network 400, such features may
nonetheless be employed in connection with the described systems.

[0032] With reference to Fig. 5, there is illustrated an exemplary process 500 for
operating a DC interconnection system of an MV AC distribution network using one or more of
the controllers in a control system including a DC interconnection controller, a substation
controller, a distribution management system controller, and a plurality of measuring devices.
The following description of process 500 is made with reference to MVAC distribution network
100 illustrated in Fig. 1. In the illustrated embodiment, process 500 is implemented by substation
controller 112 and DC interconnection controller 161. In other embodiments, process 500 may
be implemented in whole or in part by any of the controllers in an MVAC distribution network
control system. It is to be understood, however, that process 500 may be used in combination
with other forms of MV AC distribution systems, such as those described above with reference to
Figs. 2-4 and 6-9. It shall be further appreciated that a number of variations and modifications to
process 500 are contemplated including, for example, the omission of one or more aspects of
process 500, the addition of further conditionals and operations, and/or the reorganization or
separation of operations and conditionals into separate processes.

[0033] Process 500 begins at start operation 510. Process 500 may be executed at a
regular time interval, or in response to a network condition, such as a detected fault, voltage

abnormality, partial power loss, or in response to a command from a system operator, to name
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but a few examples. Process 500 then proceeds to operation 520 where controller 161 receives a
set of measurements from a plurality of measuring devices. The set of measurements corresponds
to electrical characteristics of a plurality of points on the feeder lines of network 100 selectively
connectable to the DC interconnection system. In certain embodiments, the set of measurements
also includes electrical characteristics of DC bus 175 of AC/AC power converter 170 of the DC
interconnection system. Electrical characteristics may correspond to current, voltage, or power
values, to name but a few examples.

[0034] Process 500 proceeds to operation 530 where controller 161 calculates the
difference between the current at each feeder line point and a remaining current capacity of the
feeder line point, also known as headroom. The electrical characteristics may include the set of
measurements received in operation 520 or electrical characteristics derived from the set of
measurements. The capacity may include a minimum voltage threshold, a maximum voltage
threshold, a maximum current threshold, a thermal stress threshold, or a maximum power
threshold, to name but a few examples. The capacity for each feeder line point may be a capacity
corresponding to the entire feeder line or a capacity corresponding to a portion of a feeder line
including the feeder line point. The headroom calculation may indicate a capacity of a feeder line
point has been exceeded, such as an overcurrent or undervoltage condition.

[0035] Process 500 proceeds to operation 540 where controller 161 selects which feeder
line points to couple to the AC/AC power converter. Controller 161 selects the feeder line points
using the calculated headroom values in operation 530. For example, the feeder line point
experiencing the smallest or negative headroom and the feeder line point experiencing the largest
headroom may be selected. Feeder line points may also be selected so as to minimize system
loss, maximize power restoration following a fault isolation, or maintain a desired voltage
profile. In certain embodiments, controller 161 uses power forecasting models, market price
signals, or other information from a system operator to select feeder line points.

[0036] Process 500 proceeds to operation 550 where controller 161 determines the
operating points of the AC/AC power converter. The operating points may include an active
power output operating point and a reactive power operating point, to name but a few examples.
Operating points are effective to transfer power using the DC interconnection system without
overloading any portion of the MVAC distribution network. Unlike a distribution network with

only tie switching devices, MVAC distribution network 100 may transfer a determined amount

10
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of power from feeder line to feeder line, increasing the network’s responsiveness to uneven loads
in feeder lines. Operating points may be determined using one or more of the measurements of
the feeder line points received in operation 520, the measurements of the DC bus received in
operation 520, and the calculated headroom values from operation 530.

[0037] Process 500 proceeds to operation 560 where controller 161 operates switchyards
163 and 165 to couple AC terminals 177 and 179 to the feeder line points selected in operation
540. In certain embodiments, operation 540 includes controller 161 transmitting a command to
substation controller 112 effective to operating one or more tie switches coupled between feeder
lines.

[0038] Process 500 proceeds to operation 570 where controller 161 operates AC/AC
power converter 170 according to the operating points determined in operation 550. The
operation of the AC/AC power converter 170 is effective to increase the headroom of one point
of the MVAC distribution network in order to reduce thermal stresses while preventing an
overload at the other coupled point. Process 500 finally proceeds to end operation 580.

[0039] With reference to Figs. 6A and 6B, there is illustrated an exemplary MVAC
distribution network 600 including a DC interconnection system 640, a substation 610, and
feeder lines 620 and 630. DC interconnection system 640 includes an AC/AC power converter
641 including one end coupled to a point 621 on feeder line 620 and a second end coupled to
switching devices 643 and 645. When switching device 643 is closed, converter 641 is coupled
to the end of feeder line 620. When switching device 645 is closed, converter 641 is coupled to
the end of feeder line 630. It shall be appreciated that any or all of the foregoing features of
network 600 may also be present in the other MV AC distribution networks disclosed herein.
While the embodiments described herein may not specifically describe features analogous to the
features of network 600, such features may nonetheless be employed in connection with the
described systems.

[0040] As illustrated in Fig. 6A, DC interconnection system 640 is operated to increase
headroom on portions of feeder line 620. Switching device 643 is closed and switching device
645 1s open in order to couple the second end of converter 641 with the end of feeder line 620.
Feeder line 620 receives power P; from substation 610. Converter 641 1s being operated to

transmit a portion of P1, power P3, directly from point 621 to the end of feeder line 620. The

11
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portion of feeder line 620 between point 621 and the end of the feeder line experiences a reduced
power level and increased headroom.

[0041] As illustrated in Fig. 6B, DC interconnection system 640 is operated to increase
headroom on feeder line 630. Switching device 643 is open and switching device 645 is closed to
couple the second end of converter 641 with the end of feeder line 630. Feeder line 620 receives
power P1 plus power P3 from substation 610. Converter 641 is operated to transmit power P3
from point 621 to the end of feeder line 630, causing power P> flowing from substation 610 to be
reduced by Ps.

[0042] With reference to Fig. 7, there 1s illustrated an exemplary MV AC distribution
network 700 including a DC interconnection system 740, a substation 710, and feeder lines 720
and 730. DC interconnection system 740 includes an AC/AC power converter 741 including a
first end coupled to switching devices 747 and 749 and a second end coupled to switching
devices 743 and 745.

[0043] When switching device 743 is closed, the second end of converter 741 is coupled
to the end of feeder line 720. When switching device 745 is closed, the second end of converter
741 1s coupled to the end of feeder line 730. When switching device 747 1s closed, the first end
of converter 741 is coupled to point 721 on feeder line 720. When switching device 749 is
closed, the first end of converter 741 is coupled to point 731 on feeder line 730.

[0044] As illustrated, switching devices 747 and 743 are closed and feeder lines 720 and
730 receive power P1 and P, respectively. Converter 741 is operated such that a portion P3; of
power Py 1s transmitted directly to the end of feeder line 720 through converter 741, causing the
power level of a portion of feeder line 720 to be reduced by power Ps. It shall be appreciated that
any or all of the foregoing features of network 700 may also be present in the other MVAC
distribution networks disclosed herein. While the embodiments described herein may not
specifically describe features analogous to the features of network 700, such features may
nonetheless be employed in connection with the described systems.

[0045] With reference to Fig. 8, there is illustrated an MV AC distribution network 800
including a DC interconnection system 840, a substation 810, and feeder lines 820 and 830. DC
interconnection system 840 includes a three terminal AC/AC power converter 841 including a
first end coupled to switching devices 844 and 845, a second end coupled to switching devices

846 and 847, and a third end coupled to switching devices 842 and 843.
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[0046] When switching device 844 is closed, the first end of converter 841 is coupled to
the end of feeder line 820. When switching device 845 is closed, the first end of converter 841 is
coupled to the end of feeder line 830. When switching device 846 is closed, the second end of
converter 841 is coupled to point 821 on feeder line 820. When switching device 847 is closed,
the second end of converter 841 is coupled to point 831 on feeder line 830. When switching
device 842 is closed, the third end of converter 841 is coupled to point 833 on feeder line 830.
When switching device 843 is closed, the third end of converter 841 is coupled to point 835 on
feeder line 830. It shall be appreciated that any or all of the foregoing features of network 800
may also be present in the other MVAC distribution networks disclosed herein. While the
embodiments described herein may not specifically describe features analogous to the features of
network 800, such features may nonetheless be employed in connection with the described
systems.

[0047] With reference to Figs. 9A and 9B, there is illustrated an exemplary MVAC
distribution network 900 including substation 910 coupled to feeder lines 920 and 930, and
substation 970 coupled to feeder lines 940 and 950. Network 900 also includes a DC
interconnection system 960 including an AC/AC power converter 961 and switching devices 965
and 963. AC/AC power converter 961 includes a first end coupled to the end of feeder line 950
and a second end coupled to switching devices 963 and 965. When switching device 963 is
closed, the second end of converter 961 is coupled to feeder line 920. When switching device
965 1s closed, the second end of converter 961 is coupled to feeder line 945.

[0048] As illustrated in Fig. 9A, DC interconnection system 960 may be operated to
perform an inter-substation power transfer. While switching device 965 is open and switching
device 963 is closed, AC/AC power converter 961 is operated to receive power Ps from the end
of feeder line 950 and output power Ps to the end of feeder line 920, causing a reduction of
power transmitted to feeder line 920 from substation 910. This inter-substation power transfer is
effective to balance the headroom of the feeder lines of network 900.

[0049] As illustrated in Fig. 9B, DC interconnection system 960 may be structured to
perform an intra-substation power transfer. While switching device 963 is open and switching
device 965 is closed, AC/AC power converter 961 is operated to receive power Ps from the end

of feeder line 950 and output power Ps to the end of feeder line 920, causing a reduction of
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power transmitted to feeder line 940 from substation 970. This intra-substation power transfer is
effective to balance the headroom of the feeder lines of network 900.

[0050] It shall be appreciated that any or all of the foregoing features of network 900
may also be present in the other MVAC distribution networks disclosed herein. While the
embodiments described herein may not specifically describe features analogous to the features of
network 900, such features may nonetheless be employed in connection with the described
systems.

[0051] Further written description of a number of exemplary embodiments shall now be
provided. One embodiment is a direct current (DC) interconnection system for a medium voltage
alternating current (MV AC) distribution network comprising: an AC/AC power converter
including a first AC terminal and a second AC terminal; a plurality of switching devices
structured to selectively couple the first AC terminal to a plurality of feeder line points in the
MVAC distribution network; and a control system structured to receive a set of measurements,
calculate a headroom value for each feeder line point of the plurality of feeder line points using
the set of measurements, select a first feeder line point of the plurality of feeder line points using
the calculated headroom values, operate the plurality of switching devices so as to couple the
first AC terminal to the first feeder line point, and operate the AC/AC power converter so as to
transmit MVAC power from the first AC terminal to the first feeder line point.

[0052] In certain forms of the foregoing DC interconnection system, the MVAC
distribution network includes a substation coupled to a first and second MVAC feeder lines, and
wherein the first feeder line point is located on a first MV AC feeder line and the second feeder
line point is located on the second MVAC feeder line. In certain forms, the substation is coupled
to a third MVAC feeder line, and wherein the control system is structured to transmit an
instruction effective to close a tie switching device coupled between the first MVAC feeder line
and the third MVAC feeder line while the AC/AC power converter is transmitting MVAC power
to the first feeder line point. In certain forms, DC interconnection system comprises a second
plurality of switching devices structured to selectively couple the second AC terminal to a
second plurality of feeder line points in the MVAC distribution network, and wherein the control
system is structured to calculate a headroom value for each feeder line point of the second
plurality of feeder line points using the set of measurements, select a second feeder line point of

the second plurality of feeder line points using the calculated headroom values for the first
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plurality of feeder line points and the second plurality of feeder line points, and operate the
second plurality of switching devices so as to couple the second AC terminal to the second
feeder line point. In certain forms, operating the AC/AC power converter so as to transmit
MVAC power from the first AC terminal to the first feeder line point includes determining an
AC/AC power converter operating point using the calculated headroom values for the first
plurality of feeder line points and the calculated headroom values for the second feeder line
points. In certain forms, the control system is structured to select the first feeder line point in
response to determining the headroom value corresponding to the first feeder line point is less
than the headroom value corresponding to the other feeder line points of the first plurality of
feeder line points. In certain forms, DC interconnection system comprises a plurality of
measuring devices structured to generate the set of measurements by measuring an electrical
characteristic of each feeder line point of the plurality of feeder line points.

[0053] Another exemplary embodiment is a control system for a medium voltage
alternating current (MV AC) distribution network comprising: a plurality of measuring devices
structured to measure an electrical characteristic of each feeder line point of a plurality of feeder
line points; a controller structured to operate an AC/AC power converter including a first AC
terminal and a second AC terminal, operate a plurality of switching devices structured to
selectively couple the first AC terminal to one of the plurality of feeder line points, receive a set
of measurements from the plurality of measuring devices, calculate a headroom value for each
feeder line point of the plurality of feeder line points using the set of measurements, select a first
feeder line point of the plurality of feeder line points using the calculated headroom values,
operate the plurality of switching devices so as to couple the first AC terminal to the first feeder
line point, and operate the AC/AC power converter so as to transmit MVAC power to the first
feeder line point.

[0054] In certain forms of the foregoing control system, the MVAC distribution network
includes a substation coupled to a first and second MVAC feeder lines, and wherein the first
feeder line point is located on a first MVAC feeder line and the second feeder line point is
located on the second MVAC feeder line. In certain forms, the substation is coupled to a third
MVAC feeder line, and wherein the controller is structured to transmit an instruction effective to
operate a tie switching device coupled between the first MVAC feeder line and the third MVAC
feeder line so as to transfer MV AC power from the third MVAC feeder line to the first MVAC
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feeder line while the AC/AC power converter 1s transmitting MV AC power to the first feeder
line point. In certain forms, the control system comprises a second plurality of switching devices
structured to selectively couple the second AC terminal to a second plurality of feeder line points
in the MV AC distribution network, and wherein the controller 1s structured to calculate a
headroom value for each feeder line point of the second plurality of feeder line points using the
set of measurements, select a second feeder line point of the second plurality of feeder line points
using the calculated headroom values for the first plurality of feeder line points and the second
plurality of feeder line points, and operate the second plurality of switching devices so as to
couple the second AC terminal to the second feeder line point. In certain forms, operating the
AC/AC power converter so as to transmit MVAC power from the second feeder line point to the
first feeder line point includes determining an AC/AC power converter operating point using the
calculated headroom values for the first plurality of feeder line points and the calculated
headroom values for the second feeder line points. In certain forms, the controller is structured to
select the first feeder line point in response to determining the headroom value corresponding to
the first feeder line point is less than the headroom value corresponding to the other feeder line
points of the first plurality of feeder line points. In certain forms, the plurality of measuring
devices is structured to measure an electrical characteristic of a DC bus of the AC/AC power
converter.

[0055] A further exemplary embodiment is a method for operating a direct current (DC)
interconnection system for a medium voltage alternating current (MVAC) distribution network
comprising: operating an AC/AC power converter including a first AC terminal and a second AC
terminal; operating a plurality of switching devices structured to selectively couple the first AC
terminal to a plurality of feeder line points in the MV AC distribution network; calculating a
headroom value for each feeder line point of the plurality of feeder line points using a set of
measurements corresponding to electrical characteristics of the MVAC distribution network;
selecting a first feeder line point of the plurality of feeder line points using the calculated
headroom values; operating the plurality of switching devices so as to couple the first AC
terminal to the first feeder line point; and operating the AC/AC power converter so as to receive
MVAC power with the second AC terminal and transmit MVAC power from the first AC

terminal to the first feeder line point.
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[0056] In certain forms of the foregoing method, the MVAC distribution network
includes a substation coupled to a first and second MVAC feeder lines, and wherein the first
feeder line point is located on a first MVAC feeder line and the second feeder line point is
located on the second MVAC feeder line. In certain forms, the substation is coupled to a third
MVAC feeder line, and wherein the method comprises transmitting an instruction effective to
operate a tie switching device coupled between the first MVAC feeder line and the third MVAC
feeder line so as to transfer MV AC power from the third MVAC feeder line to the first MVAC
feeder line while the AC/AC power converter 1s transmitting MV AC power to the first feeder
line point. In certain forms, the method comprises operating a second plurality of switching
devices structured to selectively couple the second AC terminal to a second plurality of feeder
line points in the MV AC distribution network; calculating a headroom value for each feeder line
point of the second plurality of feeder line points using the set of measurements; selecting a
second feeder line point of the second plurality of feeder line points using the calculated
headroom values for the first plurality of feeder line points and the second plurality of feeder line
points; and operating the second plurality of switching devices so as to couple the second AC
terminal to the second feeder line point. In certain forms, operating the AC/AC power converter
so as to transmit MVAC power from the second feeder line point to the first feeder line point
includes determining an AC/AC power converter operating point using the calculated headroom
values for the first plurality of feeder line points and the calculated headroom values for the
second feeder line points. In certain forms, selecting the first feeder line point includes
determining the headroom value corresponding to the first feeder line point is less than the
headroom value corresponding to the other feeder line points of the first plurality of feeder line
points.

[0057] 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
executing a computer program product on a non-transient, computer-readable storage medium,
where the computer program product includes instructions causing the computer to execute one
or more of the operations, or to issue commands to other devices to execute one or more

operations.
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[0058] 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

present disclosure are desired to be protected. It should be understood that while the use of

2 << 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 1s 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 1s claimed is:

1. A direct current (DC) interconnection system for a medium voltage alternating current
(MVAC) distribution network comprising:

an AC/AC power converter including a first AC terminal and a second AC terminal;

a plurality of switching devices structured to selectively couple the first AC terminal to a
plurality of feeder line points in the MVAC distribution network; and

a control system structured to receive a set of measurements, calculate a headroom value
for each feeder line point of the plurality of feeder line points using the set of measurements,
select a first feeder line point of the plurality of feeder line points using the calculated headroom
values, operate the plurality of switching devices so as to couple the first AC terminal to the first
feeder line point, and operate the AC/AC power converter so as to transmit MVAC power from

the first AC terminal to the first feeder line point.

2. The DC interconnection system of claim 1 wherein the MVAC distribution network
includes a substation coupled to a first and second MVAC feeder lines, and wherein the first
feeder line point is located on the first MV AC feeder line and a second feeder line point is

located on the second MVAC feeder line.

3. The DC interconnection system of claim 2 wherein the substation is coupled to a third
MVAC feeder line, and wherein the control system is structured to transmit an instruction
effective to close a tie switching device coupled between the first MVAC feeder line and the
third MVAC feeder line while the AC/AC power converter is transmitting MVAC power to the

first feeder line point.

4. The DC interconnection system of claim 1 comprising a second plurality of switching
devices structured to selectively couple the second AC terminal to a second plurality of feeder
line points in the MVAC distribution network, and wherein the control system is structured to
calculate a headroom value for each feeder line point of the second plurality of feeder line points

using the set of measurements, select a second feeder line point of the second plurality of feeder
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line points using the calculated headroom values for the first plurality of feeder line points and
the second plurality of feeder line points, and operate the second plurality of switching devices

so as to couple the second AC terminal to the second feeder line point.

S. The DC interconnection system of claim 4 wherein operating the AC/AC power
converter so as to transmit MVAC power from the first AC terminal to the first feeder line point
includes determining an AC/AC power converter operating point using the calculated headroom
values for the first plurality of feeder line points and the calculated headroom values for the

second feeder line points.

6. The DC interconnection system of claim 1 wherein the control system is structured to
select the first feeder line point in response to determining the headroom value corresponding to
the first feeder line point is less than the headroom value corresponding to the other feeder line

points of the first plurality of feeder line points.

7. The DC interconnection system of claim 1 comprising a plurality of measuring devices
structured to generate the set of measurements by measuring an electrical characteristic of each

feeder line point of the plurality of feeder line points.

8. A control system for a medium voltage alternating current (MVAC) distribution network
comprising;

a plurality of measuring devices structured to measure an electrical characteristic of each
feeder line point of a plurality of feeder line points; and

a controller structured to operate an AC/AC power converter including a first AC
terminal and a second AC terminal, operate a plurality of switching devices structured to
selectively couple the first AC terminal to one of the plurality of feeder line points, receive a set
of measurements from the plurality of measuring devices, calculate a headroom value for each
feeder line point of the plurality of feeder line points using the set of measurements, select a first
feeder line point of the plurality of feeder line points using the calculated headroom values,

operate the plurality of switching devices so as to couple the first AC terminal to the first feeder
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line point, and operate the AC/AC power converter so as to transmit MV AC power to the first

feeder line point.

9. The control system of claim 8 wherein the MVAC distribution network includes a
substation coupled to a first and second MVAC feeder lines, and wherein the first feeder line
point is located on the first MVAC feeder line and a second feeder line point is located on the

second MV AC feeder line.

10. The control system of claim 9 wherein the substation is coupled to a third MVAC feeder
line, and wherein the controller is structured to transmit an instruction effective to operate a tie
switching device coupled between the first MV AC feeder line and the third MVAC feeder line
so as to transfer MVAC power from the third MVAC feeder line to the first MVAC feeder line
while the AC/AC power converter is transmitting MVAC power to the first feeder line point.

11. The control system of claim 8 comprising a second plurality of switching devices
structured to selectively couple the second AC terminal to a second plurality of feeder line points
in the MV AC distribution network, and wherein the controller is structured to calculate a
headroom value for each feeder line point of the second plurality of feeder line points using the
set of measurements, select a second feeder line point of the second plurality of feeder line points
using the calculated headroom values for the first plurality of feeder line points and the second
plurality of feeder line points, and operate the second plurality of switching devices so as to

couple the second AC terminal to the second feeder line point.

12. The control system of claim 11 wherein operating the AC/AC power converter so as to
transmit MVAC power from the second feeder line point to the first feeder line point includes
determining an AC/AC power converter operating point using the calculated headroom values
for the first plurality of feeder line points and the calculated headroom values for the second

feeder line points.

13. The control system of claim 8 wherein the controller is structured to select the first feeder

line point in response to determining the headroom value corresponding to the first feeder line
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point is less than the headroom value corresponding to the other feeder line points of the first

plurality of feeder line points.

14. The control system of claim 8 wherein the plurality of measuring devices is structured to

measure an electrical characteristic of a DC bus of the AC/AC power converter.

15. A method for operating a direct current (DC) interconnection system for a medium
voltage alternating current (MVAC) distribution network comprising:

operating an AC/AC power converter including a first AC terminal and a second AC
terminal;

operating a plurality of switching devices structured to selectively couple the first AC
terminal to a plurality of feeder line points in the MVAC distribution network;

calculating a headroom value for each feeder line point of the plurality of feeder line
points using a set of measurements corresponding to electrical characteristics of the MVAC
distribution network;

selecting a first feeder line point of the plurality of feeder line points using the calculated
headroom values;

operating the plurality of switching devices so as to couple the first AC terminal to the
first feeder line point; and

operating the AC/AC power converter so as to receive MV AC power with the second AC

terminal and transmit MVAC power from the first AC terminal to the first feeder line point.

16. The method of claim 15 wherein the MVAC distribution network includes a substation
coupled to a first and second MVAC feeder lines, and wherein the first feeder line point is

located on the first MVAC feeder line and a second feeder line point is located on the second

MVAC feeder line.
17. The method of claim 16 wherein the substation is coupled to a third MVAC feeder line,

and wherein the method comprises transmitting an instruction effective to operate a tie switching

device coupled between the first MVAC feeder line and the third MV AC feeder line so as to
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transfer MVAC power from the third MVAC feeder line to the first MVAC feeder line while the
AC/AC power converter is transmitting MVAC power to the first feeder line point.

18. The method of claim 15 comprising:

operating a second plurality of switching devices structured to selectively couple the
second AC terminal to a second plurality of feeder line points in the MVAC distribution
network;

calculating a headroom value for each feeder line point of the second plurality of feeder
line points using the set of measurements;

selecting a second feeder line point of the second plurality of feeder line points using the
calculated headroom values for the first plurality of feeder line points and the second plurality of
feeder line points; and

operating the second plurality of switching devices so as to couple the second AC

terminal to the second feeder line point.

19. The method of claim 18 wherein operating the AC/AC power converter so as to transmit
MVAC power from the second feeder line point to the first feeder line point includes
determining an AC/AC power converter operating point using the calculated headroom values
for the first plurality of feeder line points and the calculated headroom values for the second

feeder line points.
20. The method of claim 15 wherein selecting the first feeder line point includes determining

the headroom value corresponding to the first feeder line point is less than the headroom value

corresponding to the other feeder line points of the first plurality of feeder line points.
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