wo 20207131005 A1 |0 0000 K00 00 00 O 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 OO 0 0 RO 0 A0

International Bureau

/ (10) International Publication Number
(43) International Publication Date = WO 2020/131005 A1
25 June 2020 (25.06.2020) WIRPOIPCT
(51) International Patent Classification: (74) Agent: MASCHOFF, Kurt M. et al.; Buckley, Maschoff
HO02J 3/28 (2006.01) H02J 3/38 (2006.01) & Talwalkar LLC, 50 Locust Avenue, New Canaan, CT
HO2H 1/06 (2006.01) HO2P 9/00 (2006.01) 06840 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2018/065933 kind of national protection available). AE, AG, AL, AM,

. . AO. AT, AU, AZ. BA, BB, BG, BIL, BN, BR, BW, BY, BZ.
(22) International Filing Date: CA. CH. CL. CN. CO. CR. CU. CZ. DE, DJ, DK, DM. DO,

17 December 2018 (17.12.2018) DZ. EC, EE. EG. ES, FI, GB, GD, GE, GH. GM, GT, HN,
(25) Filing Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR.KW.KZ. LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,

(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ. NA, NG, NI NO, NZ.
(71) Applicant: GENERAL ELECTRIC COMPANY OM, PA, FE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
[US/US]; 1 River Road, Schenectady, NY 12345 (US). SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

. TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW,
(72) Inventors: BEBIC, Jovan; One Research Circle, Bldg.

K1-3A59, Niskayuna, NY 12309 (US). HAWES, (84) Designated States (unless otherwise indicated, for every
Nathaniel Benediet; One Research Circle, Bldg. K1-3A59, kind of regional protection available): ARIPO (BW, GH,
Niskayuna, NY 12309 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(54) Title: FAULT CURRENT CONTROL SUB-SYSTEM AND RELATED METHOD

Fault Current

100~ 194 i )
11 110- Control Sub-system

Control
102 Unit

12

142 142 142 142
I:EI I:FI 154
17, My || mv 140 158
Load | | Load
148~
114 116 144
1
~ %8 150~ |
w [ w [ v |[ v 136
Load | | Load | | Load Load | | Load S48 - =
18 120 122 124 126 E::l 130 E‘;I [FMGEF
Load Network b — Z
PV PV | | /=] | /=
1086 | Power Power
128-— |Source| |Source I_fl I_f|
108 | Power Generation _ .
FIG. 1 Sub-system 132 134

(57) Abstract: A system (100) includes a facility power bus (102) coupled to a utility power grid (112), a power generation sub-system
(108) coupled to the facility power bus via one or more first power converters (138), and a fault current control sub-system (110). The
fault current control sub-system includes an electric machine (148), a second power converter (150) coupled to the electric machine,
and a control unit (152). The control unit controls the electrical current flowing through the electric machine such that at least a part
of a fault current through the facility power bus flows via the electric machine if the facility power bus is disconnected from the utility
power grid. If the facility power bus is connected to the utility power grid, a flow of the fault current through the electric machine is
reduced compared to the fault current in the disconnected situation.

[Continued on next page]



WO 2020/131005 A1 {00000 00 A0 0

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

Published:
—  with international search report (Art. 21(3))



WO 2020/131005 PCT/US2018/065933

FAULT CURRENT CONTROL SUB-SYSTEM AND RELATED METHOD

TECHNICAL FIELD

[c0a1] Embodiments of the present specification generally relate to a fault current
control sub-system and, in particular to a fault current control sub-system for a system,
where the fault current control sub-system is configured to reduce a fault current flowing
via a doubly-fed induction generator (DFIG) when the system is connected to a utility

power grid in an event of a fault in the system.
BACKGROUND

[0002] Recently, renewable energy based power generation sources such as solar
energy based power generation systems are growing in demand. Typically, the solar
energy based power generation systems are advantageous because of high availability of
solar energy and its cost effectiveness at wide range of power scales, from a few kilowatts
to hundreds of megawatts. Further, use of the distributed solar energy based power
generation systems remains more attractive because its collocation with the load results
in eliminating transmission system losses and its entitlement to improve system
resiliency. Distributed solar energy sources are able to provide full or partial power
during an outage of a utility power grid without a need for stockpiling or delivering fuel
for backup generators. These properties make the solar-powered microgrids attractive

for powering critical infrastructure during outages of the utility power grid.

[0003] Further, in recent years, due to technological advancements, there has been a
significant cost reduction in the solar energy based power generation systems.
Additionally, due to an emergence of increasingly cost-effective energy storage (ES)
technologies, the solar-powered microgrids are generally cost-effective in regions with
high-quality of solar resources, and a viable option in applications where long-term

resiliency or minimizing carbon footprint are important.

[6004] Despite such increasingly cost effective and viable use of the solar-powered
microgrids having integrated energy storage, some traditional microgrid solutions are
designed to be hybrid solutions where a synchronous source of voltage is provided by

traditional generators powered by fossil fuels. In such traditional microgrid solutions,
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the synchronous source of voltage is used because, commonly available inverters being
used with photovoltaic (PV) and energy storage are typically grid-following type. The
grid-following type inverters require a source of voltage provided by other generators.
Additionally, power-electronic converters that are used with the PV and the energy
storage have an inherent current limit which restricts their capability of providing
sufficient short-circuit current to operate traditional protection devices. In hybrid
microgrids the short-circuit current is provided by traditional, fossil-fuel powered,
generators. This is suitable for retrofit applications where the traditional fossii-fuel
powered generators already exist, and limited amount of solar generation and energy
storage is added to reduce the cost, but relying on fossil fuel generators for new microgrid
designs defeats the purpose in installations where long-term resiliency or minimizing
carbon footprint are important. If the fossil-fuel powered generators were simply to be
removed, then, in a situation when the microgrid experiences a fault during an islanded
operation, either a sufficient short-circuit current must be provided from the power-
electronic converters to operate the protection devices {o isolate the fault, or a protection
design must be updated to function with limited short-circuit current available from the

power-electronic converters, which remains a challenge.

[0005] One way to address the challenge of supplying the sufficient short-circuit
current to operate the protection devices without relying on fossil-fuel powered
generators or oversizing the converters is to add an appropriately sized synchronous
condenser to the solar-powered microgrids. However, use of the synchronous condenser
complicates integration of the solar-powered microgrids with the utility power grid
because the synchronous condenser would also supply significant short-circuit current to
the utility power grid during faults at a utility power grid side of a point of common
connection. In particular, an accounting for such additional short-circuit currents to clear
the fault at the utility power grid side would require revisiting protection coordination on
a utility circuit and potentially updating settings or even replacing some of vtility-owned
protective devices. A traditional way to avoid adding short-circuit currents to the utility
system is to perform an indiscriminate disconnection of a condenser-equipped microgrid
from the utility grid during all grid disturbances. Such disconnections would worsen
power quality to loads within the solar-powered microgrids under almost all practical

circumstances, because the solar-powered microgrids’ transition from a grid-connected
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to the islanded mode would be sudden which may not allow for orderly shutdown of non-
essential loads. As a result, the traditional solar-powered microgrid would incur an

outage and need to be restarted in the islanded mode.
BRIEF DESCRIPTION

[0006] In accordance with one embodiment of the present specification, a system is
presented. The system includes a facility power bus coupled to a utility power grid. The
system further includes a power generation sub-system having at least one renewable
energy based power source, at least one energy storage device, or a combination thereof
electrically coupled to the facility power bus via one or more first power converters.
Furthermore, the system includes a fault current control sub-system electrically coupled
to the facility power bus. The fault current control sub-system includes an electric
machine having a first winding and a second winding rotatable with respect to the first
winding, where the first winding 1s electrically coupled to the facility power bus. The
fault current control sub-system further includes a second power converter configured to
facilitate a flow of an electrical current through the electric machine via the second
winding. Moreover, the fault current control sub-system includes a control unit
operatively coupled to the second power converter and configured to determine whether
the facility power bus is disconnected from the utility power grid. In response to
determining that the facility power bus is disconnected from the utility power grid, the
control unit is further configured to control the electrical current flowing through the
electric machine via the second power converter such that at least a part of a fault current
through the facility power bus flows via the electric machine. Moreover, in response to
determining that the facility power bus is connected to the utility power grid, the control
unit is configured to control the electrical current flowing through the electric machine
via the second power converter such that a flow of the fault current through the electric
machine is reduced in comparison to the fault current when the facility power bus is

disconnected from the utility power grid.

[0007] In accordance with another embodiment of the present specification, a fault
current control sub-system for a system is presented. The system includes a facility

power bus coupled to a utility power grid, a power generation sub-system having at least
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one renewable energy based power source and at least one energy storage device coupled
to the facility power bus via one or more first power converters. The fault current control
sub-system includes a doubly-fed induction generator (DFIG) having a stator winding
and a rotor winding, where the stator winding is electrically coupled to the facility power
bus. The fault current control sub-system further includes a second power converter
configured to facilitate a flow of an electrical cuirent through the DFIG via the rotor
winding. Furthermore, the fault current control sub-system includes a control unit
operatively coupled to the second power converter. The control unit is configured to
determine whether the facility power bus is disconnected from the utility power grid. In
response to determining that the facility power bus is disconnected from the utility power
grid, the control unit is configured to control the electrical current flowing through the
DFIG via the second power converter such that at least a part of a fault current through
the facility power bus flows via the DFIG. Moreover, in response to determining that
the facility power bus is connected to the utility power grid, the conirol unit is configured
to control the electrical current flowing through the DFIG the second power converter
such that a flow of the fault current through the DFIG is reduced in comparison to the

fault current when the facility power bus is disconnected from the utility power grid.

[0008] In accordance with yet another embodiment of the present specification, a
method for controlling a fault current contribution in a system is presented. The system
includes a facility power bus coupled to a utility power grid, a power generation sub-
system having at least one renewable energy based power source and at least one energy
storage device coupled to the facility power bus via one or more first power converters.
The method includes determining whether the facility power bus is disconnected from
the uulity power grid. In response to determining that the facility power bus is
disconnected from the utility power grid, the method further includes controlling an
electrical current flowing through a rotor winding of a DFIG via a second power
converter such that at least a part of a fault current through the facility power bus flows
via the DFIG, where a stator winding of the DFIG is connected to the facility power bus.
Moreover, in response o determining that the facility power bus is connecied to the
utility power grid, the method includes controlling the electrical current flowing through

the rotor winding of the DFIG via the second power converter such that a flow of the
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fault current through the DFIG is reduced in comparison to the fault current when the

facility power bus is disconnected from the utility power grid.
DRAWINGS

[0009] These and other features, aspects, and advantages of the present specification
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

[0016] FIG. 1 is a schematic diagram of a system having a fault current control sub-

system, in accordance with one embodiment of the present specification;

[0011] FIG. 2 is a schematic diagram of a system having a fault current control sub-

system, in accordance with another embodiment of the present specification;

[0612] FIG. 3 is a flow diagram of a method for controlling a fault current
contribution in the systems of FIGs. 1 and 2, in accordance with one embodiment of the

present specification;

[0013] FIG. 4 is a schematic diagram of a fault current control sub-system, in

accordance with one embodiment of the present specification;

[0014] FI1G. 5 is a flow diagram of a method for black-starting a doubly-fed induction
generator (DFIG) in the fault current control sub-system of FIG. 4, in accordance with

one embodiment of the present specification;

[0015] FIG. 6 is a schematic diagram of a fault current control sub-system, in

accordance with another embodiment of the present specification;

[0616] FIG. 7 is a flow diagram of a method for black-starting a DFIG in the fault
current control sub-system of FIG. 6, in accordance with one embodiment of the present

specification;

[0017] FIG. 8 is a schematic diagram of a fault current conirol sub-system, in

accordance with another embodiment of the present specification;
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[0018] FIG. 9 is a flow diagram of a method for black-starting a DFIG in the fault
current control sub-system of FIG. &, in accordance with one embodiment of the present

specification;

[0019] FIG. 10 is a schematic diagram of a fault current control sub-system, in

accordance with yet another embodiment of the present specification; and

[00206] FIG. 11 is a flow diagram of a method for black-starting a DFIG in the fault
current control sub-system of FIG. 10, in accordance with one embodiment of the present

specification.
DETAILED DESCRIPTION

[0021] In an effort to provide a concise description of these embodiments, all features
of an actual implementation may not be described in the specification. It should be
appreciated that in the development of any such actual implementation, as in any
engineering or design project, numerous implementation-specific decisions may be made
to achieve the developer’s specific goals such as compliance with system-related and

business-related constraints.

[0022] Unless defined otherwise, technical and scientific terms used herein have the
same meaning as is commonly understood by one of ordinary skill in the art to which
this specification belongs. The terms “first”, “second”, and the like, as used herein do
not denote any order, guantity, or importance, but rather are used to distinguish one
element from another. Also, the terms “a” and “‘an”” do not denote a limitation of quantity,
but rather denote the presence of at least one of the referenced items. The use of

M7«

“including,” “comprising” or “having” and variations thereof herein are meant to
encompass the items listed thereafter and equivalents thereof as well as additional items.
The terms “connected” and “coupled” are not restricted to physical or mechanical
connections or couplings, and can include electrical connections or couplings. whether

direct or indirect.

[6023] As used herein, the terms “may” and “may be” indicate a possibility of an
occurrence within a set of circumstances; a possession of a specified property,

characteristic or function; and/or qualify another verb by expressing one or more of an
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ability, capability, or possibility associated with the qualified verb. Accordingly, usage
of “may” and “may be” indicates that a modified term is apparently appropriate, capable,
or suitable for an indicated capacity, function, or usage, while taking into account that in
some circumstances, the modified term may sometimes not be appropriate, capable, or

suitable.

[0024] As will be described in detail hereinafter, various embodiments of a system
are presented. The system includes a facility power bus coupled to a utility power grid.
The system further includes a power generation sub-system having at least one renewable
energy based power source, at least one energy storage device, or a combination thereof
electrically coupled to the facility power bus via one or more first power converters.
Furthermore, the system includes a fault current control sub-system elecirically coupled
to the facility power bus. The fault current control sub-system includes an electric
machine having a first winding and a second winding rotatable with respect to the first
winding, wherein the first winding is electrically coupled to the facility power bus. The
fault current control sub-system further includes a second power converter configured to
facilitate a flow of an electrical current through the electric machine via the second
winding. Moreover, the fault current conirol sub-system includes a control unit
operatively coupled to the second power converter and configured to determine whether
the facility power bus is disconnected from the utility power grid. In response to
determining that the facility power bus is disconnected from the utility power grid, the
control unit is further configured to control the electrical current flowing through the
electric machine via the second power converter such that at least a part of a fault current
through the facility power bus flows via the electric machine. Moreover, in response to
determining that the facility power bus is connected to the utility power grid, the control
unit is configured to control the electrical current flowing through the electric machine
via the second power converter such that a flow of the fault current through the electric
machine is reduced in comparison to the fault current when the facility power bus is

disconnected from the utility power grid.

[0025] Referring now to FIG. 1, a schematic diagram of a system 100 is presented,
in accordance with one embodiment of the present specification. In some embodimenits,

the system 100 may represent a microgrid. Accordingly, in the description hereinafter,



WO 2020/131005 PCT/US2018/065933

the system 100 1s also referred to as a microgrid 100. The microgrid 100 meludes a
facility power bus 102, a tie-breaker 104, a load network 106, a power generation sub-
system 108, and a fault current control sub-system 110. The microgrid 100 may be

coupled to a utility power grid 112 via the tie-breaker 104 and a transformer 111.

[0026] The facility power bus 102 may inchide one or more metal conductors that
allow flow of electricity therethrough. In some embodiments, the facility power bus 102
may be a direct current (DC) power bus. In some embodiments, the facility power bus
102 may be a single-phase or multi-phase power bus, for example, a three-phase
alternating current (AC) power bus. In a non-limiting example, the facility power bus
102 may be a medium voltage (MV) AC power bus. In the description hereinafter, the
facility power bus 102 is described as the MVAC power bus for the consistency of
Hustration. By way of non-limiting example, a voltage range supported by such MVAC
power bus may be in a range of 4160 volts to 34.5 kilo volts (kV). The load network
106, the power generation sub-system 108, and the fault current control sub-system 110
are electrically connected to the facility power bus 102 for example via one or more

swiiching devices 142 (described later).

[0027] The tie-breaker 104 may be operated to connect the facility power bus 102
with the utility power grid 112 or to disconnect the facility power bus 102 from the utility
power grid 112. The tie-breaker 104 is representative of a device having one or more
switches to connect or disconnect the facility power bus 102 with the utility power grid
112. The tie-breaker 104 is operated in an open state when the facility power bus 102
needs to be disconnected from the utility power grid 112. Commonly this is the case
when the utility power grid 112 is having an outage, or is likely to have an outage, due
to an inclement weather and the resilient operation of the microgrid 100 is desired. An
operating mode of the microgrid 100 when the facility power bus 102 is disconnected

from the utility power grid 112 is generally referred to as an islanded mode.

[0028] The tie-breaker 104 is operaied in a closed state when the facility power bus
102 is required to be connected to the utility power grid 112. This is a common operating
state because it allows the economically optimal operation of the microgrid 100. In

particular, it allows the microgrid 100 to trade energy with a utility system (i.e., the utility
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power grid 112), deliver its surplus energy to the utility system and import energy from
the utility system to avoid the unnecessary cycling of the energy storage devices. An
operating of the microgrid 100 when the facility power bus 102 is connected to the utility

power grid 112 is generally referred to as a grid-connected mode.

[0029] Further, the load network 106 may represent one or more loads that are
comnected directly or indirectly to the facility power bus 102. The term “load” may
represent any device or equipment that consumes electricity. The load network 106
includes certain loads that may operate at medium voltage (MV) levels, in some
embodiments. For example, blocks marked with reference numerals 114, 116 represent
loads operable at the MV levels. The loads 114, 116 are hereinafter referred to as MV
loads 114, 116. The MV loads 114, 116 may be connected to the facility power bus 102
directly or via a transformer. Further, in some embodiments, the load network 106 may
include some loads, for example, loads 118, 120, 122, 124, 126, that are operable at low
voltage (LV) level that is lower than the MV levels. By way of non-limiting example,
the LV levels may be in a range of 0 volts to 690 volts. The loads 118-126 are hereinafter
referred to as LV loads 118-126. The LV loads 118-126 may be connected to the facility
power bus 102 via one or more step-down transformers 117, 119, as shown in FIG. 1.
Although two MV loads 114, 116 and five L'V loads 118-126 are shown as connected to
the facility power bus 102 in FIG. 1, embodiments of the present application are not
restricted with respect to the number of loads that can be connected to the facility power
bus 102. Any number of loads as supported by the facility power bus 102 may be

connected to the facility power bus 102.

[0630] The power generation sub-system 108 may include one more power sources
capable of generating electricity. In some embodiments, the power generation sub-
system 108 may include at least one renewable energy based power source 128, 130, at
least one energy storage device 132, 134, or a combination thereof. Further, the power
generation sub-system 108 includes a DC-link 136. In particular, the renewable energy
based power sources 128, 130 and/or the energy storage devices 132, 134 are coupled to
the DC-link 136. The DC-link 136 is coupled to facility power bus 102 via one or more
first power converters, for example, a first power converter 138. In the embodiment of

FIG. 1, the first power converter 138 is disposed such that an AC side of the first power
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converter 138 is connected to the facility power bus and a DC side of the first power
converter 138 is connected to the DC-link 136. The first power converter 138 may be a
bi-directional AC-DC converter that is configured to convert an AC power into a DC
power and vice-versa. The first power converter 138 may include one or more switches,
for example, semiconductor switches, configured to facilitate power conversion from AC
to DC and vice-versa. In some embodiments, to provide an electrical isolation between
the first power converter 138 and the facility power bus 102, the first power converter

138 may be coupled to the facility power bus 102 via a transformer 140.

[0031]  In the embodiment of FIG. 1, the renewable energy based power sources 128,
130 are shown as photovoliaic (PV) power sources, for example. Each of the PV power
sources 128, 130 may include one or more PV modules. The PV modules may be
arranged in a series connection, parallel connection, or a series-parallel connection. Each
of the PV modules may include a plurality of PV panels arranged in a series connection,
parallel connection, or a series-parallel connection. The PV power sources 128, 130
having such PV modules may generate a DC power depending on solar insolation,
weather conditions, and/or time of the day. Although, the renewable energy based power
sources shown in FIG. 1 are the PV power sources 128, 130, other types of renewable
energy based power sources may also be employed, without limiting the scope of the
present specification. Moreover, while two PV power sources 128, 130 are shown in
FIG. 1, any number of PV power sources may be installed in the power generation sub-

system 108, without limiting the scope of the present specification.

[0032] The energy storage devices 132, 134 may include one or more batteries,
capacitors, flywheel-based energy storage, or a combination thereof. The energy storage
devices 132, 134 may be coupled to the DC-link 136 and are configured to supply a DC
power to the DC-link 136 or absorb the DC-power from the DC-link 136. Although not
shown in FIG. 1, in some embodiments, one or more energy storage devices may be
coupled to the facility power bus 102 via a bi-directional DC-AC converter. Further, in
certain other embodiments, while one or more energy storage devices {e.g., the energy
storage devices 132, 134) are connected to the DC-link 136, additional one or more
energy storage devices may be connected to the facility power bus 102. Moreover, while

two energy storage devices 132, 134 are shown in FIG. 1, any number of energy storage

10
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devices may be installed in the power generation sub-system 108, without limiting the

scope of the present specification.

[0033] Further, in some embodiments, connection of any devices to the facility
power bus 102 may be accompanied via switching devices 142. In some embodiments,
the MV loads 114, 116 and/or the LV loads 118-126 may also be connected to the
respective step-down transformers 117, 119 via the switching devices 144. Also,
connection of any devices to the DC-link 136 may be accompanied via switching devices
146. The switching devices 142, 144, 146 may be operated to selectively connect or
disconnect corresponding devices from the facility power bus 102, the step-down
transformers 117, 119, or the DC-link 136. Each of the switching devices 142, 144, 146
may be operated in an open state or in a closed state. In the open state, the switching
devices 142, 144, 146 block a flow of electrical current therethrough. In the closed state,

the switching devices 142, 144, 146 allow the electrical current to pass therethrough.

[0034] In some embodiments, the switching devices 142, 144, 146 may be
mplemented using protective devices such as circuit breakers / act as the circuit breakers.
During operation of the microgrid 100, a fault such as short-circuit may occur in any
component of the load network 106 and the power generation sub-system 108. In an
event of such fault, the protective devices are configured to disconnect the corresponding
faulty devices respectively from the facility power bus 102, the step-down transformers

117, 119, or the DC-link 136.

[0035] For the protective devices to operate, cerfain minimum amount of fault
current is required be passed through the protective devices. Typically, such required
fault current is multiples of normal operating current. In accordance with aspects of the
present specification, the fault current control sub-system 110 is configured to facilitate
the fault current in the microgrid 100. Also, the fault current control sub-system 110 is
configured to control the fault current depending on whether the microgrid 100 operates
in the islanded mode or the grid-connected mode. The fault current control sub-system
110 is electrically coupled to the facility power bus 102 and operatively coupled to the

tie-breaker 104. In some embodiments, the fault current control sub-system 110 may

i1
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include one or more of an electric machine 148, a second power converter 150, and a

control unit 152.

[0036] The electric machine 148 may be representative of any machine that includes
at least two windings that are mutually coupled to each other. Examples of machines
that may be used as the electric machine 148 may include, but are not limited to, a doubly-
fed induction generator {DFIG), an electrically excitable synchronous machine, an
electrically excitable asynchronous machine, a synchronous condenser, or combinations
thereof. For illustration in description hereinafter, the DFIG is considered as the electric
machine 148, however, other machines such as the electrically excitable synchronous
machine, the electrically excitable asynchronous machine, the synchronous condenser

may also be used in place of the DFIG 148.

[0037] The DFIG 148 includes a stator 154 and a rotor 156. The DFIG 148 further
includes a first winding, herein after referred to as a stator winding 158 that is wound on
the stator 154. Further, the DFIG 148 also includes a second winding, hereinafter
referred to as a rotor winding 160, that is wound on the rotor 156 which is rotatable with
respect to the first winding/ stator winding 158. The stator winding 158 is electrically
connected to the facility power bus 102. In some embodiments, the stator winding 158
is electrically connected to the facility power bus 102 via the switching device 142. In
some embodiments, both the stator winding 158 and the rotor winding 160 may be multi-
phase windings such as a three-phase winding. By way of example, the stator winding
158 includes three phase windings and the rotor winding 160 also includes three phase

windings.

[0038] Moreover, in some embodiments, the second power converter 150 is
electrically connected between the DFIG 148 and the DC-link 136. In particular, the
second power converter 150 may be a bi-directional AC-DC converter that is configured
to convert an AC power into a DC power and vice-versa. The second power converter
150 may include one or more switches, for example, semiconductor switches, configured
to facilitate power conversion from AC to DC and vice-versa. In the embodiment of

FIG. 1, the second power converter 150 is disposed such that an AC side of the second

12
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power converter 150 is connected to the rotor winding 160 and a DC side of the second

power converter 150 is connected to the DC-link 136.

[0039] During operation of the microgrid 100, in an event of the fault within the
microgrid 100, the second power converter 150 is configured to facilitate a flow of an
electrical current through the DFIG 148 via the rotor winding 160. In some
embodiments, the second power converter 150 may supply the electrical current to the

rotor winding 160 in the event of the fault within the microgrid 100.

[0040] Furthermore, the control unit 152 is operatively coupled to the second power
converter 150 and the tie-breaker 104. The control unit 152 may include a specially
programmed general-purpose computer, an electronic processor such as a
microprocessor, a digital signal processor, and/or a microcontroller. Further, the control
unit 152 may include mput/output ports, and a storage medium, such as an electronic
memory. Various examples of the microprocessor include, but are not limited to, a
reduced instruction set computing (RISC) architecture type microprocessor or a complex
instruction set computing {(CISC) architecture type microprocessor or either of the two
augmented by the high-speed logic within a field programmable gate arrays (FPGA).
Further, the microprocessor may be a single-core type or multi-core type. Alternatively,
the control unit 152 may be implemented as hardware elements such as circuit boards
with processors or as software running on a processor such as a personal computer (PC),
or a microcontroller. Further, in some embodiments, the control unit 152 may be
implemented using logic gates, electronic switches, including but not limited to

MOSFETS.

[0041] During operation of the microgrid 100, the control unit 152 is configured to
determine whether the facility power bus 102 is disconnected from the utility power grid
112. In some embodiments, the control unit 152 may monitor an operating state of the
tie-breaker 104 to determine whether the facility power bus 102 is disconnected from the
utility power grid 112. For example, if the tie-breaker 104 is operating in the closed state,
it is determined by the control unit 152 that the facility power bus 102 is connected to
the utility power grid 112. However, if the tie-breaker 104 is operating in the open state,

it is determined by the control unit 152 that the facility power bus 102 is disconnected
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from the utility power grid 112. Further, in response to determining that the facility
power bus 102 is disconnected from the utility power grid 112 and the occurence of a
fault, the control unit 152 is configured to control the electrical current flowing through
the electric machine (e.g., the DFIG 148) via the second power converter 150 such that
at feast a part of a fault current through the facility power bus 102 flows via the electric
machine {e.g., the DFIG 148). Alternatively, if it is determined that the facility power
bus 102 is connected to the utility power grid 112 and that a fault is occurring, the control
unit 152 is configured to control the electrical current flowing through the DFIG 148 via
the second power converter 150 such that the flow of the fault current through the DFIG
148 is reduced in comparison to the fault current in the islanded mode of the microgrid
100. Additional details of operations performed by the control unit 152 is described in

conjunction with the flow diagrams of FIGs. 3,5, 7,9, and 11.

[0042] Referring now to FIG. 2, a schematic diagram of a system 200, hereinafter
referred to as a microgrid 200, is presented, in accordance with another embodiment of
the present specification. The microgrid 200 shown in FIG. 2 is representative of one
embodiment of the microgrid 100 of FIG. 1 and include certain components that are
similar to the components used in FIG. 1. In FIG. 2, these components are marked using
same reference numerals as used in FIG. 1 and description of such components is not
repeated. The microgrid 200 includes the facility power bus 102, the tie-breaker 104,
the load network 106, a fault current control sub-system 202, and a power generation
sub-system 206. The microgrid 200 may be coupled to a utility power grid 112 via the
tie-breaker 104. The fault current control sub-system 202 and the power generation sub-
system 206 of FIG. 2 have different configurations in comparison to the configurations

of the corresponding sub-systems shown in FIG. 1.

[6043] The power generation sub-system 206 of FIG. 2 may represent one
embodiment of the power generation sub-system 108 of FIG. 1. In comparison to the
power generation sub-system 108, the power generation sub-system 206 includes a
dedicated DC-bus 136a (hereinafter referred to as a first DC-bus 136a) coupled to a set
of the PV power sources 128, 130 and a dedicated DC-bus 136b (hereinafier referred to
as a second DC-bus 136b) coupled to a set of the energy storage devices 132, 134, The

first DC-bus 136a is coupled to the facility power bus 102 via a first power converter
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138a and a transformer 140a. Further, the second DC-bus 136b is coupled to the facility
power bus 102 via a first power converter 138b and a transformer 140b. The first power
converters 138a, 138D and the transformers 140a, 140b are respectively representative of

one embodiment of the first power converter 138 and the transformer 140 of FIG. 1.

[0044]  Further, the fault current control sub-system 202 of FIG. 2 may represent one
embodiment of the fault current control sub-system 110 of FIG. 1. In comparison to the
fault current control sub-system 110, the fault current control sub-system 202 includes a
dedicated energy storage device 204 in addition to the energy storage devices 132, 134,
The energy storage device 204 may include one or more batteries, capacitors, flywheel
based energy storage, or a combination thereof. As depicted in FIG. 2, the energy storage
device 204 may be disposed in the fault current control sub-system 202 such that the DC
side of the second power converter 150 is connected to the energy storage device 204,
The second power converter 150 is configured to absorb the electrical current from the
dedicated energy storage device 204 or to supply the electrical current to the dedicated
energy storage device 204. Moreover, while a single dedicated energy storage device
204 1is shown in FIG. 2, any number of energy storage devices may be installed in the

power generation sub-system 108, without limiting the scope of the present specification.

[0045] Moving now to FIG. 3, a flow diagram 300 of a method for controlling the
fault current contribution in the systems of FIGs. 1 and 2 is presented, in accordance with
one embodiment of the present specification. At step 302, the control unit 152 is
configured to monitor the operating state of the tie-breaker 104. As previously noted, at
a given point in time, the tie-breaker 104 operates in one of the closed state or the open
state. In some embodiments, the tie-breaker 104 may send status signals to the control
unit 152 at periodic intervals, in others a status signal may be sent on every state change
of the tie-breaker 104. The status signals may be indicative of the operating state of the
tie-breaker 104. In certain other embodiments, the fault current control sub-system 110,
202 may include a sensor (not shown), for example, a current sensor disposed at the tie-
breaker 104. The current sensor may sense a magnitude of current flowing through the
tie-breaker 104 and generate an electrical signal indicative of the sensed magnitude of
the current to the control unit 152. Further, the control unit 152 receives the electrical

signal from the sensor.
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[0046]  Further, at step 304, the control unit 152 is configured to determine the
operating state of the tie-breaker 104. In some embodiments, the control unit 152 may
determine the operating state of the tie-breaker 104 based on the status signals received
from the tie-breaker 104. In certain other embodiments, when the current sensors are
employed, the control unit 152 may determine the operating state of the tie-breaker 104
based on the electrical signal received from the sensor disposed at the tie-breaker 104,
In one embodiment, if the magnitude of the electrical signal is smaller than a
predetermined value, the control unit 152 may determine that the operating state of the
tie-breaker 104 is the open state. Alternatively, if the magnitude of the electrical signal
is greater than or equal to the predetermined value, the control unit 152 may determine
that the operating state of the tie-breaker 104 is the closed state. By way of example, the

predetermined value may be zero (0) or substantially equal to zero.

[0047]  Further, at step 306, the control unit 152 is configured to determine whether
the facility power bus 102 is disconnected from the utility power grid 112 based on an
operating state of the tie-breaker 104. If the operating state of the tie-breaker 104 is the
closed state, the control unit 152 determines that the facility power bus 102 is connected
to the utility power grid 112 (i.e., the microgrid 100, 200 operating in the grid-connected
mode). However, if the operating state of the tie-breaker 104 is the open state, the control
unit 152 determines that the facility power bus 102 is disconnected from the utility power

grid 112 (i.e., the microgrid 100, 200 operating in the islanded mode).

[0048]  Atstep 306, if it is determined that facility power bus 102 is disconnected from
the utility power grid 112, the control unit 152, at step 308, is configured fo control the
electrical current flowing through the DFIG 148 via the second power converter 150 such
that at least a part of the fault current through the facility power bus 102 flows via the
DFIG 148 in an event of a fault in the microgrid 100, 200. In particular, in one
embodiment, the second power converter 150 may be operated to source/supply AC
current {i.e., fault current) to the rotor winding 160 in the event of fault within the

microgrid 100, 200.

[0049] However, at step 306, if it is determined that the facility power bus 102 is
connected to the utility power grid 112, the control unit 152, at step 310, is configured to

control the electrical current flowing through the DFIG 148 via the second power
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converter 150 such that a flow of the fault current through the DFIG 148 is reduced in
comparison to the fault current when the facility power bus 102 is disconnected from the
utility power grid 112 in the event of the fault condition in the utility power grid 112 or
the microgrid 100, 200. For example, in some embodiments, if the fault condition arises
in the grid-connected mode of the microgrid 100, 200, the control unit 152 1s configured
to operate the second power converter 150 such that zero and substantially close to zero
current is sourced to or received from the rotor winding 160 of the DFIG 148. Instead,
when the facility power bus 102 is connected to the utility power grid 112, the fault
current 1s received from the utility power grid 112 for any fault condition in the microgrid
1060, 200, Advantageously, in the grid-connected mode, the contribution of the DFIG
148 is restricted.

[0050] During normal operation of the microgrid 100, 200, the DFIG 148 operates as
a synchronous condenser, with the rotor 156 rotating at a frequency just below the line
frequency (e.g., frequency of the voltage at the utility power grid 112) and the second
power converter 150 is set to control the stator voltage to source or sink reactive power
(VARSs) as required by the microgrid 100, 200 or the utility power grid 112. To enter
this normal operating condition, a DFIG 148 has to be started so to bring the rotor 156 to
a rotating frequency just below the line frequency. The initial condition for DFIG 148
starting is a condition where voltage (herein referred to as stator voltage) at the stator
winding 158 of the DFIG 148 may be zero and the rotor 156 of the DFIG 148 is stationary
(i.e. not rotating). Such a start of the DFIG 148 is also referred to as a black-start of the
DFIG 148 or black-start of the microgrid 100, 200. In accordance with aspects of the
present specification, the fault current control sub-system 110 is provided with various
arrangements to black-start the DFIG 148. For example, fault current control sub-system
depicted in FIGs. 4, 6, 8, and 10 includes suitable arrangements for facilitating the black-

start of the DFIG 148.

[0051]  Referring now to FIG. 4, a schematic diagram of a fault current control sub-
system 400 is presented, in accordance with one embodiment of the present specification.
The fault current control sub-system 400 of FIG. 4 is representative of one embodiment
of the fault current control sub-system 110 of FIG. 1 and include certain components that

are similar to the components used in the fault current control sub-system 110 FIG. 1. In
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FIG. 4, these components are marked using same reference numerals as used in FIG. 1

and description of such components is not repeated.

[0052] In some embodiments, in addition to the components of the fault current
control sub-system 110 of FIG. 1, the fault current control sub-system 400 of FIG. 4
includes a separately powered start-up motor 402 connected to the rotor 156 of the DFIG
148. By way of example, the start-up motor 402 may be energized using power from
one or more of the DC-link 136 (i.e., in the configuration of FIG. 1), the DC-links 136a,
136b and/or the dedicated energy storage 204 {i.e., in the configuration of FIG. 2), orany
other power source (not shown). In some embodiments, the start-up motor 402 is coupled
to the rotor 156 via a shaft 404 and a coupler 406. The shaft 404 is mechanically coupled
to the rotor 156 of the DFIG. Further, the coupler 406 represent any mechanical or
electro-mechanical arrangement for connecting and disconnecting the stari-up motor 402
with the shaft 404. Further, the conirol unit 152 is also operatively coupled to the stari-
up motor 402 and the coupler 406 and configured to black-start the DFIG 148 using the
start-up motor 402. Details of a method for black starting the DFIG 148 using the start-

up motor 402 is described in conjunction with FIG. 5.

[0053] In FIG. 5, a flow diagram 500 of a method for black-starting the DFIG 148
using the start-up motor 402 is presented, in accordance with one embodiment of the
present specification. At step 502, the DFIG 148 is disconnected from the facility power
bus 102. In order to disconnect the DFIG 148 from the facility power bus 102, the control
unit 152 may operate the switching device 142 in the open state by sending one or more
control signals to the switching device 142, Further, at step 504, the control unit 152
operates the start-up motor 402 thereby causing the rotor 156 of the DFIG 148 to rotate.
In some embodiments, if the start-up motor 402 is not mechanically engaged with the
shaft 404, the control unit 152 sends one or more control signals to the coupler 406 to
engage the start-up motor 402 with the shaft 404 prior to operating the start-up motor
402. Furthermore, at step 506, the second power converter 150 is configured to apply
AC voltage at slip frequency (the frequency difference between the frequency of the
voltage at the facility bus and the equivalent electrical frequency of a rotational speed of

the rotor 156) to the rotor winding 160 when the rotational speed of the rotor 156
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(hereinafter referred to as a rotor speed) approaches a synchronous speed to induce

voltage in the stator winding 158 of the DFIG 148.

[0054]  Moreover, at step 508 a check may be performed by the control unit 152 to
determine whether the stator voltage has attained a nominal frequency of a grid voltage.
By way of example, the nominal frequency of the grid voltage in the United States of
America (USA) s 60 Hz. It may be noted that the nominal frequency of the grid voltage
may be set to a value defined by regulations in a given geographic region where the
microgrid 100, 200 is configured to supply power. At step 508, if it is determined that
the stator voltage has not attained the nominal frequency of grid voltage, the second
power converter 150 continues to vary the AC voltage to the rotor winding 160 to achieve
the synchronism. However, at step 508, if it is determined that the stator voltage has
attained the nominal frequency of the grid voliage, the start-up motor 402 may be
disengaged from the rotor 156, as indicated by step 510. To disengage the start-up motor
402 from the rotor 156, the control unit 152 sends one or more control signals to the start-
up motor 402. Additionally, at step 512, the DFIG 148 is connected back to the facility
power bus 102. In order to connect the DFIG 148 to the facility power bus 102, the

control unit 152 may operate the switching device 142 in the closed state.

[0055]  Advantageously, use of the start-up motor 402 as shown in FIG. 4 and the
method of FIG. 5 aids in black-starting a micro-grid that includes grid-following

converters operating when operated in the islanded mode.

[0056]  Further, in FIG. 6, a schematic diagram of a faul{ carrent control sub-system
600 is presented, in accordance with one embodiment of the present specification. The
fault current control sub-system 600 of FIG. 6 is representative of one embodiment of
the fault current control sub-system 110 of FIG. 1 and include certain components that
are similar to the components used in the fault current control sub-system 110 FIG. 1. In
FIG. 6, these components are marked using same reference numerals as used in FIG. 1

and description of such components is not repeated.

[6057] In some embodiments, in addition to the components of the fault current
control sub-system 110 of FIG. 1, the fault current control sub-system 600 of FIG. 6

includes a start-up switch 602 connected to the stator winding 158 of the DFIG 148. In
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particular, the start-up switch 602 is connecied between the stator winding 158 and the
switching device 142, as depicted in FIG. 6. In some embodiments, the start-up switch
602 may include one or more switches, for example, a set of anti-parallel thyristors
connected to each phase winding of the stator winding 158, as depicted in FIG. 6. Use
of other types of semiconductor switches in the start-up switch 602 is also envisioned
within the purview of the present specification. Further, the control unit 152 is also
operatively coupled to the start-up switch 602 and configured to start the DFIG 148 using
the start-up switch 602. Details of a method for starting the DFIG 148 using the start-up

switch 602 is described in conjunction with FIG. 7.

[0058] InFIG. 7, a flow diagram 700 of a method for starting the DFIG 148 using the
start-up switch 602 is presented, in accordance with one embodiment of the present
specification. At step 702, the DFIG 148 is disconnected from the facility power bus 102
in a similar fashion as described in conjunction with FIG. 5. Further, at step 704, the
rotor winding 160 is short-circuited via the second power converter 150. The short-
circuiting of the rotor winding 160 includes connecting all phase windings of the rotor
winding 160 with each other. In order to short-circuit the rotor winding 160, the control
unit 152 is configured to send one or more control signals to the second power converter
150. Furthermore, at step 706, the stator winding 158 of the DFIG is connected to the
facility power bus 102 via the start-up switch 602. Such connection of the stator winding
158 to the facility power bus exerts a magnetic force on the rotor 156 thereby causing
rotations of the rotor 156. If the utility power grid 112 is available (i.e., if the facility
power bus 102 is connected to the utility power grid 112), the utility power grid 112
energizes the facility power bus 102. If the electrical grid is not available (i.e., if the
facility power bus 102 is disconnected from the utility power grid 112), the facility power

bus 102 may be energized by the first power converter 138.

[0059]  Moreover, at step 708, a check may be performed by the control unit 152 to
determine whether the rotor speed has reached a predetermined value. By way of
example, the predetermined value may be equal to a synchronous speed of the DFIG 148.
At step 708, if it is determined that the rotor speed has not reached the predetermined
value, the stator winding 158 of the DFIG is continued to be connected the facility power

bus 102 via the start-up switch 602. However, at step 708, if it is determined that the
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rotor speed has reached the predetermined value, at step 710, the short-circuit is removed

from the rotor winding 160 and the second power converter 150 enters normal operation.

[0060] Referring now to FIG. &, a schematic diagram of a fault current conirol sub-
system 800 is presented, in accordance with one embodiment of the present specification.
The fault current control sub-system 800 of FIG. & 1s representative of one embodiment
of the fault current control sub-system 110 of FIG. 1 and include certain components that
are similar to the components used in the fault current control sub-system 110 FIG. 1. In
FIG. 8, these components are marked using same reference numerals as used in FIG. 1

and description of such components is not repeated.

[0061] In some embodiments, in addition to the components of the fault current
control sub-system 110 of FIG. 1, the fault current control sub-system 800 of FIG. 8
includes a stator short-circuit contactor 802 connected to the stator winding 158 of the
DFIG 148. The stator short-circuit contactor 802 is electrically connected to the stator
winding 158. By way of example, the stator short-circuit contactor 802 may include one
ot more phase-switches, where one terminal of each phase-switch connected to each
phase winding of the stator winding 158 and another terminal of each phase-switch is
connected with each other. The stator short-circuit contactor 802 may be operated in a
closed state or in an open state. The stator short-circuit contactor 802 when operated in
the closed state, connects (i.e., short-circuits} the stator winding 158 with each other.
Further, the stator short-circuit contactor 802 when operated in the open state, keeps the
ends of the phase windings of the stator winding 158 disconnected from each other. The
control unit 152 is also operatively coupled to the stator short-circuit contactor 802 and
configured to black-start the DFIG 148 using the stator short-circuit contactor 802.
Details of a method for black starting the DFIG 148 using the stator short-circuit

contactor 802 is described in conjunction with FIG. 9.

[0062] Moving to FIG. 9, a flow diagram 900 of a method for black-starting the
facility power bus 102 using the stator short-circuit contactor 802 is presented, in
accordance with one embodiment of the present specification. At step 902, the DFIG
148 1s disconnected from the facility power bus 102 by operating the switching device
142. Further, at step 904, the stator winding 158 is short-circuited via the stator short-

circuit contactor 802. In order to short-circuit the stator winding 158, the control unit
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152 is configured to operate the stator short-circuit contactor 802 in the closed state so

that all phase windings of the stator winding 158 are connected with each other.

[6063]  Further, at step 906, an AC voltage is applied to the rotor winding 160 from
the second power converter 150 thereby causing rotations of the rotor 156. Further, at
step 908, a check may be performed to determine if the rotor speed has reached the
synchronous speed (i.e., DFIG 148 operating at slip value of zero). At step 908, if it is
determined that the rotor speed has attained synchronous speed, at step 912, the stator
short-circuit contactor 802 may be operated in the open state and the switching device
142 may be operated in the closed state. Further, the frequency of the stator voltage is
set to the nominal frequency of the grid voltage. Furthermore, at step 914, a grid
following inverter such as the first power converter 138 is energized and an output
voltage of the first power converter 138 is synchronized with the stator voltage of the
DFIG 148. Moreover, at siep 916, when the reconnection to a restored utility power grid
112 is desired, the stator voltage of the DFIG 148 is modified to synchronize it with the

grid voltage by controlling the rotor voltage, for example.

[6064] At step 918, a check may be performed by the control unit 152, to determine
whether the stator voltage has synchronized with the grid voltage. At step 918, if it is
determined that the stator voltage has not synchronized with the grid voltage, the second
power converter 150 is operated to continue applying the AC voltage to the rotor winding
160. However, at step 918, if it is determined that the stator voltage has synchronized
with the grid voltage, at step 920, the control unit 152 is configured to connect the facility
power bus 102 with the utility power grid 112 by operating the tie-breaker 104 in the

closed state.

[0065]  Advantageously, use of the stator short-circuit contactor 802 as shown in FIG.
8 and the method of FIG. 9 aids in black-starting a micro-grid that includes grid-
following converters (e.g., the first power converter 138) operating when the microgrid
100, 200 operated in the islanded mode. Further, use of the stator short-circuit contactor
802 and the method of FIG. 9 may provide bump-less transition to the grid-connected

mode from the islanded mode.
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[00866] In FIG. 10, a schematic diagram of a fault current conirol sub-system 1004 is
presented, in accordance with one embodiment of the present specification. In FIG. 11,
a flow diagram 1100 of a method for black-starting the DFIG 148 in the fault current
control sub-system 1000 of FIG. 10 is presented, in accordance with one embodiment of
the present specification. The fault current control sub-system 1000 shown in FIG. 10
and the method of black starting as described in FIG. 11 rely on performing a re-design

of the DFIG and power converters to achieve a 1 per-unit slip range.

{0667}  In general, the stator and rotor windings of a DFIG are magnetically coupled
to each other. This coupling allows transfer of current and voltage between the stator
winding and the rotor winding in a manner similar to that of a transformer. An effective
turns ratio of this transformer action from stator winding to rotor winding is given by

equation (1);

N=22 ... (Equation 1)

SNy

[0068] Where, N represents the effective turns ratio, 5 represents a slip value of the
DFIG (s = 0 implies the rotor speed being the synchronous speed, s = 1 implies the rotor
speed being zero), N, represents the number of turns of the stator winding, and N,
represents the number of tumns of the stator winding of the DFIG. The rotor voliage of
the DFIG is the stator voltage divided by the effective turns ratio (N ), while the current
on the rotor winding of the DFIG is the stator current multiplied by the effective turns
ratio (N ). The voltage rating of a rotor converter (for example, any power converter
connected to the rotor winding of the DFIG), such as the, the second power converter

150, is given by equation (2):

_ VUstator __ SNy .
Yrotor max = N Vstator TS - (Equatlon 2}

Where vy o¢0r max Tepresents the rotor voltage rating and v, represents the stator
voltage. As indicated in equation 2, the rotor converter voltage rating is directly
proportional to the slip. In a traditional configuration, a power converter that is
connected to a rotor winding of the DFIG, is sized/designed to operate within 20 - 30%
of the synchronous speed of the DFIG (i.e., maintaining maximum value of s between
0.2 and 0.3). The DFIG 148 and/or power converters of FIG. 10 are designed to allow a

unity slip-range which can be accomplished by increasing vyqi0r max by stacking
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multiple converters in series or decreasing the turns ratio V—s from the nominal design

3y

condition. While, stacking multiple converters may lead to increase in the rotor

5 . . . N .
converter’s voli-ampere rating, reducing the tums ratio \75 may cause lowering the fauli-
2 T

contribution capability of the DFIG 148. If a design of the DFIG 148 is altered such that
the second power converter 150 can support a unity slip value {i.e., s = 1), soft-starting

of the DFIG 148 becomes relatively {rivial.

[0069] Turning now to FIG. 10, the fault current control sub-system is representative
of one embodiment of the fault current control sub-system 110 of FIG. 1 and include
certain components that are similar to the components used in the fault current control
sub-system 110 FIG. 1. In FIG. 10, these components are marked using same reference
numerals as used in FIG. 1 and description of such components is not repeated. In some
embodiments, in the fault current control sub-system 1000 of FIG. 10, series connected
second power converters 1002, 1004, 1006 replace the second power converter 150. The
second power converters 1002, 1004, 1006 are similar to the second power converter 150
of FIG. 1 and are connected in series with each other so that voltage that can be applied

to the rotor winding 160 is increased.

[0070] Moving to FIG. 11, at step 1102, the DFIG 148 is disconnected from the
facility power bus 102 by operating the switching device 142 in the open state. Further,
at step 1104, AC voltage is applied to the rotor winding 160 from the series connected
second power converters 1002, 1004, 1006. In particular, the AC voltage has a frequency
and magnitude equal to that of the grid voltage. Accordingly, the stator voltage builds

up at the stator winding 158.

[6071]  Further, at step 1106 the DFIG 148 1s connected to the facility service bus 102
by operating the switching device 142. Furthermore, at step 1108, the grid following
inverter such as the first power converter 138 is energized and the output voltage of the
first power converter {38 is synchronized with the stator voltage of the DFIG 148.
Moreover, at step 1110, torque on the rotor 156 is controlled by controlling the frequency
and/or the magnitude of the AC voliage applied to the rotor winding 160 to operate the
rotor 156 at the synchronous speed to generate a stator voltage at the stator winding. In

order to control the torque on the rotor 156, the series connected second power converters
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1002, 1004, 1006 are configured to gradually reduce frequency and/or magnitude of the

AC voltage applied to the rotor winding 160.

[0072]  Furthermore, at step 1112, a check may be performed by the control unit 152
to determine whether the rotor speed has reached the synchronous speed. At step 1112,
if it is determined that rotor speed has not reached the synchronous speed, the control is
transferred back to the step 1110. However, atstep 1112, if it is determined that the rotor
speed has reached the synchronous speed, at step 1114, another check may be performed
by the control unit 152 to determine whether the stator voltage has synchronized with the
erid voltage. Atstep 1114, if it is determined that the stator voltage has not synchronized
with the grid voltage, the series connected second power converters 1002, 1004, 1006
continue to apply AC voltage 1o the rotor winding 160 and the check at the step 1114 is
performed again. However, at step 1114, if it is determined that the stator voliage has
synchronized with the grid voltage, at step 1116, the facility power bus 102 is connected
to the utility power grid 112. The control unit 152 operates the tie-breaker 104 in the

closed state to connect the facility power bus 102 with the utility power grid 112.

[6073] Advantageously, use of series connected second power converters 1002, 1004,
1006 as shown in FIG. 10 and the method of FIG. 11 aids in black-starting a micro-grid
that includes grid-following converters operating when operated in the islanded mode.
Further, use of the series connected second power converters 1002, 1004, 1006 and the
method of FIG. |1 may provide bump-less transition to the grid-connected mode from

the i1slanded mode.

[0074] Any of the foregoing steps in any of FIGs. 3, 5, 7, 9, and 11 may be suitably
replaced, reordered, or removed depending on the needs of a particular application. Also,
while certain steps are shown separately, some steps may also be performed

simultaneously depending on the needs of a particular application.

[0075] In accordance with the aspects of the present specification, the control unit
152 facilitates a controlled contribution of the fault current. In particular, in the grid-
connected mode of operation of the microgrid 100, 200, the control unit 152 operates the
second power converter 150 such that contribution to the fault current via the DFIG 148

is reduced in comparison to the islanded mode of operation of the DFIG. Moreover,
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various system arrangement of the fault current control sub-systems in accordance with
aspects of the present specification, facilitates black-starting the microgrids 100, 200 and
also facilitates bump-less transition of the microgrid 100, 200 to the grid-connected mode

from the islanded mode.

{0876} This written description uses examples to disclose the invention, including
the preferred embodiments, and to enable any person skilled in the art to practice the
invention, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention is defined by the claims,
and may include other examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if they have structural
elements that do not differ from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal languages of
the claims. Aspects from the various embodimenis described, as well as other known
equivalents for each such aspects, can be mixed and matched by one of ordinary skill in
the art to construct additional embodiments and techniques in accordance with principles

of this application.
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A system, comprising:

a facility power bus coupled to a utility power grid;

a power generation sub-system comprising at least one renewable energy based

power source, at least one energy storage device, or a combination thereof electrically

coupled to the facility power bus via one or more first power converters; and

a fault current control sub-system electrically coupled to the facility power bus,

wherein the fault current control sub-system comprises:

an electric machine comprising a first winding and a second winding

rotatable with respect to the first winding, wherein the first winding is electrically

coupled to the facility power bus;

a second power converter configured to facilitate a flow of an electrical

current through the electric machine via the second winding; and

a control unit operatively coupled to the second power converter and

configured to:

2.

determine whether the facility power bus is disconnected from the
utility power grid;

control, in response to determining that the facility power bus is
disconnected from the utility power grid, the electrical current flowing
through the electric machine via the second power converter such that at
least a part of a fault current through the facility power bus flows via the
electric machine; and

control, in response to determining that the facility power bus is
connected to the utility power grid, the electrical current flowing through
the electric machine via the second power converter such that a flow of
the fault current through the electric machine is reduced in comparison to
the fault current when the facility power bus is disconnected from the

utility power grid.

The system of claim 1, wherein the electric machine comprises one or

more of a doubly-fed induction generator (DFIG) or an electrically excitable synchronous

machine.
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3. The system of claim 1, further comprising a tie-breaker coupling the
facility power bus coupled to the utility power grid, wherein the control unit is further
operatively coupled to the tie-breaker and configured to monitor an operating state of the
tie-breaker to determine whether the facility power bus is disconnected from the utility
power grid, wherein the operating state of the tie-breaker comprises one of an open state
or a closed state, and wherein, in the open state the tie-breaker disconnecis the facility
power bus from the utility power grid and, in the closed state, tie-breaker connects the

facility power bus to the utility power grid.

4, The system of claim 1, wherein facility power bus receives the fault
current from the utility power grid when the facility power bus is connected to the utility

power grid.

5. The system of claim 1, wherein the facility power bus is further coupled

to one or more loads.

6. The system of claim 5, wherein the facility power bus is a medium voltage
alternating current (AC) power bus, wherein a load of the one or more loads that is
operable at medium voltage is electrically connected to the facility power bus via a
switching device and a load of the one or more loads that is operable at voltage levels
lower than medwum voltage is connected to the facility power bus via a step-down

transformer.

7. The system of claim 1, wherein the power generation sub-system further
comprises a first DC-link and a second DC-link, wherein the at least one renewable
energy based power source is coupled to the first DC-link and the at least one energy

storage device is coupled to the second DC-link.

8. The system of claim 1, wherein the power generation sub-system further

comprises a direct current (DC) link connected to the facility power bus via the one or



WO 2020/131005 PCT/US2018/065933

more first power converters, and wherein the at least one renewable energy based power

source and the at least one energy storage device are connected to the DC-link.

9. The system of claim 8, wherein the second power converter is electrically
coupled to the DC-link to absorb the elecirical current from the DC-link or to supply the

electrical current to the DC-link.

10. The system of claim 1, wherein the fault current control sub-
system further includes a dedicated energy siorage device connected to the second power
converter, wherein the second power converter is configured to absorb the electrical
currentt from the dedicated energy storage device or to supply the electrical current to the

dedicated energy storage device.

11. A fault current control sub-system for a system comprising a facility
power bus coupled to a utility power grid, a power generation sub-system comprising at
least one renewable energy based power source and at least one energy siorage device
coupled to the facility power bus via one or more first power converters, the fault current
control sub-system comprising:

a doubly-fed induction generator (DFIG} comprising a stator winding and a rotor
winding, wherein the stator winding is electrically coupled to the facility power bus;

a second power converter configured to facilitate a flow of an electrical current
through the DFIG via the rotor winding; and

a control unit operatively coupled to the second power converter, wherein the
control unit is configured to:

determine whether the facility power bus is disconnected from the utility
power grid;

control, in response to determining that the facility power bus is
disconnected from the utility power grid, the electrical current flowing through
the DFIG via the second power converter such that at least a part of a fault current

through the facility power bus flows via the DFIG; and
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control, in response to determining that the facility power bus is connected
to the utility power grid, the electrical current flowing through the DFIG the
second power converter such that a flow of the fault current through the DFIG is
reduced in comparison to the fault current when the facility power bus is

disconnected from the utility power grid.

12. The fault current control sub-system of claim 11, wherein the control unit
is further configured to monitor an operating state of a tie-breaker coupling the facility
power bus to the utility power grid to determine whether the facility power bus is
disconnected from the utility power grid, wherein the operating state of the tie-breaker
comprises one of an open state or a closed state, and wherein, in the open state the tie-
breaker disconnects the facility power bus from the utility power grid and, in the closed

state, tie-breaker connects the facility power bus to the utility power grid.

13. The fault current control sub-system of claim 11, further comprising a
start-up motor connected to the rotor of the DFIG, wherein the control unit is operatively
coupled {o the start-up motor and configured to black-start the DFIG, wheremn {o black-
start the DFIG, the control unit is configured to:

operate the start-up motor to rotaie the rotor of the DFIG;

apply voltage to the rotor winding from the second power converter when a
rotational speed of the rotor approaches a synchronous speed to induce a stator voltage
in the stator winding of the DFIG;

disengage the start-up motor from the rotor after the stator voltage has
synchronized with a grid voliage; and

connect the DFIG to the facility power bus after the stator voltage has

synchronized with a grid voltage.

14.  The fault current control sub-system of claim 11, further comprising a
start-up switch connected to the stator winding of the DFIG, wherein the control unit is
operatively coupled to the start-up switch and configured to start the DFIG, wherein to
start the DFIG, the control unit is configured to:

short-circuit the rotor winding via the second power converter;
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connect the stator winding to the facility power bus via the start-ap switch thereby
causing rotations of the rotor; and

remove the short-circuit from the rotor winding when a rotational speed of the
rotor reaches to a predetermined value.
15. The fault current control sub-system of claim 14, wherein, if the facility
power bus is connected to the utility power grid, the facility power bus is energized by

the utility power grid.

16.  The fault current control sub-system of claim 14, wherein, if the facility
power bus is disconnected from the utility power grid, the first power converter is

configured to energize the facility power bus.

17. The fault current control sub-system of claim 11, further comprising a
stator short-circuit contactor connected to the stator winding of the DFIG, wherein the
control unit is operatively coupled to the stator short-circuit contactor and configured to
black-start the DFIG, wherein to black-start the facility power bus, the control unit is
configured to:

short-circuit the stator winding by operating the stator short-circuit contactor in a
closed state;

apply AC voltage to the rotor winding from the second power converter thereby
causing rotations of the rotor; and

operate the stator short-circuit contactor in an open state and set a frequency of a
stator voltage of the DFIG to the nominal frequency of grid voltage if a rotor speed has

reached a synchronous speed.

18. The fault current control sub-system of claim 11, wherein to black-start
the DFIG, the control unit is configured to:

apply AC voltage to the rotor winding from the second power converter to
generate a stator voltage at the stator winding;

energize a first power converter and synchronize its output voliage to the stator

voltage at the stator winding;
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control torque on the rotor by controlling a frequency and a magnitude of the AC
voltage applied to the rotor winding until the rotor attains a synchronous speed; and
connect the facility power bus to the utility power grid after the stator voliage has

synchronized with a grid voltage.

19. A method for controlling a fault current confribution i a system
comprising a facility power bus coupled to a utility power grid, a power generation sub-
system comprising at least one renewable energy based power source and at least one
energy storage device coupled to the facility power bus via one or more first power
converters, the method comprising:

determining whether the facility power bus is disconnected from the utility power
grid;

controlling, in response to determining that the facility power bus is disconnected
from the utility power grid, an electrical current flowing through a rotor winding of a
doubly-fed induction generator (DFIG) via a second power converter such that at least a
part of a fault current through the facility power bus flows via the DFIG, wherein a stator
winding of the DFIG is connected to the facility power bus; and

controlling, in response to determining that the facility power bus is connected to
the utility power grid, the electrical current flowing through the rotor winding of the
DFIG via the second power converter such that a flow of the fault current through the
DFIG is reduced in comparison to the fault current when the facility power bus is

disconnected from the utility power grid.

20.  The method of claim 19, further comprising monitoring an operating state
of a tie-breaker coupling the facility power bus to the utility power grid, wherein the

operating state of the tie-breaker comprises one of an open state or a closed state.
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