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HYBRID HIGH VOLTAGE DIRECT CURRENT
CONVERTER SYSTEMS

BACKGROUND

#8881} The field of the invention relates generally to high voltage divect corrent (HVDC)

transmission systems and, more particudarly, to hybrid HVDC converter systems.

{68621 At least some of known electric power generation facilities are physically positioned
in a remote geographical region ot in an arca where physical access is difficult. Oune example
includes power generation facilities geographically located in rugged and/or remoie terrain,
for example, mountainous hillsides, extended distances from the customers, and off-shore,
e.g., off-shore wind tirbine installations. More specifically, these wind torbines may be
physically nested together in & conunon geographical region to form a wind turbine farm and
are clectrically coupled 10 a common alternating current (AC) collector system. Many of
these known wind tirbine farms include a separated power conversion assembly, or system,
clecirically coupled to the AC coliector system. Such known separated power conversion
asscrublies inchude a rectifier portion that converts the AC generated by the power generation
facilities to direct current (DC) and an inverter that converts the DC 10 AC of a predetermined
frequency and voltage amplitude. The rectifier portion of the separated power conversion
assembly is positioned in close vicinity of the associated power generation facilities and the
wverter portion of the separated full power conversion asserably is positioned in a remote
facility, such as a land-based facility. Such rectifier and imverter portions are typically
electrically connected via submerged high voltage direct current (HVDC) eleetric power

cables that at least partially define an HVDC transmission systent.

16863} Many known power converter systems include converters, ¢.g., line commutated
converters (LCCs), LOCC-based converters typically use thyristors 1o “chop” three-phase AC
voltage through firing angle control 1o generate a variable DC output voliage. Also, a “black
start” using such a HVDC transmission system is not possible. Forther, such known
thyristor-based rectifiers/inverters require significant reactive power from the AC grid to the
thyristors, with some reactive power requirements representing approximately 50% to 60% of

the rated power of the converter. Morcover, thyristor-based converters facilitate significant
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generation of harmonic currents flowing into the AC grid, e.g., the 11" and 13" harmonics,
such harmonic currents typically approximately 10% of the present corrent loading for cach
of the 11" and 13" harmonics. Therefore, to compensate for the harmonic currents and
reactive power, large AC filters are installed in the associated AC switchyard. In some
known switchyards, the size of the AC filter portion is at least 3 times greater than the size of
the associated thyristor-based converter portion. Such AC filter portion of the switchyard is
capital—intensive due to the land required and the cost and size of large equipment justaticd.
In addition, a significant lnvestment in replacement parts and preventative and corrective

maintenance activitics increases operational costs,

[8084] In addition, most known LCC-based HVDC converters are not configured to
transmit HVDPC power at voltages in excess of 800 kiloVolis (kV). As transmission voliages

increase, an officioncy of power transmission also tends o increase,
BRIEF DESCRIPTION

[688¢5]  In one aspect, & hybrid high voltage direct corrent (HVEC) converter system i

r

provided. The bybrid HVDC converter system includes at least one alternating current (AC)
conduit, at least one transformer coupled to said at least one AC conduit, and at least one
direet current (DC) conduit. The hybrid HVDC converter system also tncludes at least one
capacitor commutated converter (CCC) contigured to convert AC voltages and AC currents
to a DC voltage and DC current. The at east one CCC 15 coupled to the at least one AC
conduit through the at least one transformer. The hybrid HVDC converter system further
mchudes at least one self-commutated converter (SCC) configured to convert AC voltages
and AC currents to a regulated DC voltage and DC current. The at feast one SCC includes at
least one AC/DC stage and at least one DO/DC stage coupled to the at least one AC/DC

stage.

{86661  In a further aspect, a hybrid high voltage divect corrent (HVDC) converter system 18
provided. The system inchudes at least one alternating current {AC) conduit, at least one
transformer coupled to the at least one AC conduit, and at least one direct current (DC)
conduit. The system also includes at least one capacitor commutated converter (CCC)

configured to convert AC voltages and AC currents to a DC voltage and DC current. The at
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least one CCC is coupled 1o the at least one AC conduit through the at least one transformer.
The system further inchides at Icast one seli~commutated converter (SCC) configured to
convert AC voltages and currends to a regulated DC voltage and DC current. The at least one
SCC includes at least one AC/DC stage fncluding a plurality of AC terminals, a plurality of
DC terminals, and a plurality of switching power poles coupled to the plarality of AC
terminals and coupled to the plurality of DC torminals. The at least one SCC also includes at
least one DC/DC stage coupled to the at least one AC/DC stage through the plurality of DC

terminals.

166671 In another aspect, a hybrid high voltage divect current (HVDC) converter system is
provided The system inchudes at least one alternating current (AC) conduit, at least one
transformer coupled to the at least one AC conduit, and at least one direct current (DC)
conduit. The system also includes at least one capacitor commutated converter (CCC)
configured to convert AC voltages and AC currents to a DC voltage and DC current. The at
feast one CCC is coupled to the at least one AC conduit through the at least one transformer.
The system further inchides at lcast one self-commutated converter (SCC) configured to
convert AC voltages and currends to a regulated DC voltage and DC current. The at least one
SCC includes at least one AC/DC stage including a plurality of AC terminals, a plurality of
DBC terminals, and a plurality of switching power poles coupled to the plurality of AC

terminals.
DRAWINGS

[6868] These and other features, aspects, and advantages of the present invention will
become better understood when the following detailed description s read with reference to
the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein:
186691 FIG. 1 is a block diagram of an exemplary computing device;

{3816} FIG. 2 is block diagram of a portion of an exemplary monitoring and control system

that may include the competing device shown m FIG. 1;

{6611} FIG. 3 18 a schematic view of an exemplary high voltage direct current (HVDC)
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transmission system;

1668121 FIG. 418 a schematic view of an exemplary high voltage direct current (HVDC)

converter system that may be used with the HVDC trapsmission system shown in FIG. 3;

[B013] FIG. 5 is a schematic view of a plurality, 1.e., an exemplary set of capacitive sub-

modides that may be used with the HVDC converter system shown in FIG. 4

[8814] FIG. 6 is a schematic view of an exemplary capacitive sub-module that may be ased

with the set of capacitive sub-moduies shown i FIG. 5;

#0185 FIG. 7 is a schematic view of an alternative capacitive sub-module that may be used

with the set of capacitive sub-modules shown in FIG. §;

{8816} FIG. 8 is a schomatic view of another allernative capacitive sub-module that may be

used with the set of capacitive sub-modules shown in FIG. 5;

#8177 FIG. 9 is a schematic view of a plurality of the capacitive sub-modules shown in

FIG. 8;

[8018] FIG. 10 is a schematic view of an alternative HVDC converter system that may be

used with the HVDC transmission systermn shown in FIG. 3;

16191 FIG. 11 is a schematic view of another alternative HVDC converter system that may

be used with the HVDC transmission system shown n FIG. 3; and

[6028] FIG. 12 is a schematic view of an exemplary black start configuration that may be

used with the HVDC converter system shown in FIG. 3.

{86211 Unless otherwise indicated, the drawings provided herein are meant to illustrate key
mventive features of the invention. These key inventive features are believed to be
applicable in a wide varicty of systems conprising one or more embodimoents of the
mvention. As such, the drawings are not meant to include all conventional features known by

those of ordinary skill in the art to be required for the practice of the invention.

DETAILED DESCRIPTION
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{8822} In the following specification and the claims, reference will be made to a mumber of

terms, which shall be defined to have the following meanings.

{8623} The singular forms “a”, “an”, and “the” include phural references unless the context

clearly dictates otherwise.

{88241 “Optional” or “optionally” means that the subsequently described event or
circumstance may of may 0ot cocur, and that the description includes instances where the

event ooeurs and instances where 1t does not.

[6025] Approximating language, as used herein throughout the specification and claims,
may be applied to modify any guantitative representation that could permissibly vary without
resulting in a change in the basic fimction to which it is related. Accordingly, a value
modified by a term or terms, such as “about” and “substantially”, are not to be limited to the
precise value specificd. In at least some instances, the approximating language may
correspond to the precision of an mnstrument for measuring the value. Heve and throughout
the specification and claims, range limitations may be combined and/or interchanged, such
ranges are identiticd and include all the sub-ranges contained therein unless context or

language indicates otherwise.

166261  As used herein, the term “black start” refers to providing clectric power to at least
one power generation facility n a geographically-iselated location from a source external to
the power generation facility. A black start condition 1s considered to exist when there are no
eleciric power generators in service in the power generation facility and there are no other
sources of electric power in the geographically-isolated power generation facility to facilitate

a restart of at least one electric power generator therein.

186277 The HVDC converter systems for HVDC transmission of electric power described
herein provide a cost-cffective method for trapsmitting HVDC power in excess of 300
kilovolis (kV). The embodiments described herein use a capacitor comyontated converter
{CCC) rather than line commutated converters (LCCs) for conversion of AC power to HVDC
power. In addition to the CCCs, the embodiments described herein use a self-commutated
converter {SCC) coupled with the CCC to the AC side through a transformer and the SCC

and CCC are connected n series on the DC side. The SCCs described herein include an AC-
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to-DC conversion stage (AC/DC stage) including capacitive sub-modules with variable
encrgy storage features to facilitate regulating, i.e., shaping AC voltage, AC current,
intermediate DC voltage, and imtermediate DO corrent waveforms. Also, the embodiments
described herein use a phurality of switching devices to further regulate the AC and DC
waveforms. The plurality of switching devices regulate the charging of the capacitive sub-
modudes such that the associated in-rush cusrent is regulated within predetermined current
parameters, thereby decreasing a voltage stress induced on the components of the capacitive
sub-modules and the related circuitry such that there is no need to use an additional pre-
charging circuit. In at least one embodiment described herein, a DC-10-DC conversion stage
(DC/DC stage) is coupled o the AC/DC stage such that a plurality of fast-acting switches in
the DC/DC stage regulate operation as described above. In at least one other embodiment
described herein, a plurality of switches with a low switching frequeney, 1.e., up to 6-12
switching operations per one AC cycle, in the AC/DC stage regulate operation as described
above in cooperation with the switches in the DC/DC stage. In at feast one additional
embodiment described herein, a plurality of switches with a low switching frequency, 1.e., up
to 6-12 swiiching operations per one AC cycle, in the AC/DC stage regulate operation as
described above without a DC/DC stage. In addition, the architectures described herein
reduce reactive power consunption and generation of barmonics such that there s a
decreased need for large AC filters, up to elimination, thereby decreasing the costs of
imstalling, operating, and maintaining an AC filter portion of the switchyard that is capital-
intensive duc to the land required and the cost and size of large equipment instalied. In
addition, a significant mvestment in replacement parts and preventative and corrective

maintenance activities that increases operational costs is reduced.

[6628] FIG. 118 a block diagram of an exemplary computing device 105 that may be used
to perform monitoring and/or control of a high voltage direct current (HVDIC) transmission
systern and, more specifically, an electric power conversion system {neither shown in FIG.
1). More specifically, computing device 105 monitors and/or controls any piece of
equipment, any system, and any process associated with an electric power conversion system
and a HVDC transmission system, ¢.g., without limitation, bi-directional power converters,
mechanical isolation devices, and monitoring devices (netther shown in FIG. 1} Coemputing

device 105 includes a memory device 110 and a processor 115 gperatively coupled to

N
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memory device 110 for executing imstractions. In some embodiments, exccutable
mstructions are stored in memory device 110, Computing device 105 is configurable to
perform onc or more operations described berein by progranuning processor 115, For
exanple, processor 115 may be programmed by encoding an operation as one or more
executable instructions and providing the executable instructions in memory device 10, In
the exemplary embodiment, memory device 110 is one or more devices that cnable storage
and retrieval of information such as executable instructions and/or other data. Memory

device 110 may inchide one or more computer readable media.

166251 Memory device 110 may be configured to store operational measurements
mchiding, without limitation, real-time and historical vohtage and current values, and/or any
other type data. Also, memory device 114 includes, without limitation, sufficient dats,
algorithms, and coramands to facilitate montioring and cordrol of the compouents within a

HYDC transmission system and an associated electric power conversion system.

[66368]  Insome cmbodiments, computing device 105 includes 2 presentation iderface 120
coupled to processor 115, Presentation interface 120 presents information, such as a user
interface and/or an alarm, 10 a user 125, In some embodiments, presentation interface 120
includes one or more display devices. o some embodiments, presentation interface 120
presents an alarm associated with the HVDC transmission system and associated electric
power conversion system being monitored, such as by using a human machine tnterface
{(HM1I) {(not shown in FIG. 1). Also, in some embodiments, computing device 105 includes a
user mput wnterface 130, o the excplary embodiment, user fnput interface 130 1s coupled to

processor 115 and recetves mput from user 125,

(80331 A communication interface 135 is coupled to processor 115 and is configured to be
coupled in communication with one or more other devices, such as a sensor or another
computing device 103, and to perform input and culput operations with respect to such
devices while performing as an fnput channel. Coromunication interface 135 may receive
data from and/or transmit data to one or more remote devices. For example, 2
communication interface 135 of one computing device 105 may transmit an alarm to the

communication interface 135 of another computing device 1035,
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{8832} FIG. 2 is block diagram of a portion of a monitoring and control system that may be
used to monttor and control at least a portion of an associated HVDC transmission system
300 and associated HVDC converter systems (not shown in FIG. 2}, i.e., in the excrmplary
embodiment, 8 Supervisory Control and Data Acquisition (SCADA) system 200, As use
herein, the term “SCADA sysiem” refers to any control and monitoring system that may
monitor and control HVDC transmission system 300 across multiple sites, remote sites, and
large distances. To some embodiments, SCADA system 200 may be a portion of a larger
elecirical management system (EMS). In the exemplary embodiment, SCADA system 200
mclades at feast one central processing unit (CPU) 215 configured to execote monitoring
algorithms and monitoring logic. CPU 218 may be coupled to other devices 220 viaa

conununication network 2235.

{6833} Reforring to FiGs. 1 and 2, CPU 215 s 2 computing device 105, o the excmplary
embodiment, computing device 105 is coupled to network 225 via comnumication interface

133, In an alternative embodiment, CPU 215 is integrated with other devices 220,

18634} CPU 215 mieracts with a first operator 230, e.g., without limitation, via user input
interface 130 and/or presentation interface 120. In one cmbodiment, CPU 215 presents
information about clectric power conversion systern 300, such as alarms, to operator 230,
Other devices 220 mteract with a second operator 235, e.g., without imitation, via user input
mterface 130 and/or presentation tnterface 120, For example, other devices 220 present
alarms and/or other operational information to sccond operator 235, As used herein, the torm
“operator” includes any person in any capacity associated with operating and roaintainiog
clectric power conversion system 300, including, without limitation, shift operations

personnel, maintenance technicians, and facility supervisors.

{88351  Inthe exemplary embodiment, HVDC transmission system 300 mcloades one or
more monitoring sensors 240 coupled to CPU 215 through at feast one input channel 2435,
Monitoring sensors 240 collect operational measurements including, without limitation, AC
and DC voltages and currents generated within and transmitted through HVDC transmission
systermn 300, Monitoring sensors 240 repeatedly, e.g., periodically, continuously, and/or upon
request, transmit operational measurcment readings at the time of measurement. CPU 215

receives and processes the operational measurement readings. Such data is transmitted across
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network 225 and may be accessed by any device capable of accessing network 225 melading,
without limitation, desktop computers, laptop computers, and personal digital assistants
{(PDAs) {ncither shown). In alternative embodiments, CPU 2135 includes, without Himitation,
sufficient data, algorithms, and commands to facilitate control of the DC current transmission

through HVEC transmission system 300.

{8836} FIG. 3 is a schematic view of an exemplary high voltage direct current (HVDC)
transmission system 300, HVDC transmission system 300 couples an aliernating current
{AC) electric power source 302 to an AC electric power transmission and distribution grid
304, Alternative embodiments include souree 302 and grid 304 bemg interchangeable. For
the embodiments described herein, three-phase AC systems are shown with only one conduit
for clanity, HVDC transmission system 300 includes a separated power conversion
configuration 306, AC electric power source 302 15 coupled to separated power conversion
configuration 306 though at least one AC conduit 305 that inchudes an AC filiering system
307, Separated power conversion configuration 306 includes a first converter system 308
that includes a capacitor commutated converter {CCC) 310, CCC 310 18 coupled 1o AC
clectric power sowrce 307 through a transformer 312 and a pharality of AC conduits 314, In
the exemplary embodiment, transformer 312 melades primary windings 316, secondary
windings 318 inductively coupled to primary windings 316, and tertiary windings 320
inductively coupled to primary windings 316. Alternatively, any configuration of
transformer 312, inchiding, without limitation, multiple transformers, that enable operation of
first converter system 308 is used. Conduits 314 are energized to a voltage of Voo throogh

secondary windings 318,

[8G37] First converter sysiem 308 further inchides a selfcommutated converter (SCC) 322
coupled i parallel with CCC 310 through a phlurahity of AC conduits 324 and tortiary
windings 320, Conduits 324 are energized 1o a voltage of Vaco. SCC 322 and CCC 310 are
coupled in series through a plurality of BC conduits 326, First converter system 308 also
includes a CCC bypass switch 328, 3 SCC bypass switch 330, and a plurslity of DC bypass
conduits 332, Switches 328 and 330 and conduits 332 at least partially define a black start
path (discussed further below). In the exemplary embodiment, switch devices 328 and 330
are normally open and are manually and locally operated to close to bypass CCC 310 and

SCC 322, respectively Alternatively, switch devices 328 and 330 may be operated remotely.
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[8838] Separated power conversion configuration 306 also melades 4 second converter
system 334 coupled to AC electric power transmission and distribation grid 304 through a
plurality of AC conduits 336, Conduits 336 are cnergized to 3 voltage of Vaca. Sccond
converter system 334 is also coupled to first converter system 308 through a plurahity of
HVDC transmission conduits 338 and 340, In the exemplary embodiment, HVDC
transmission system 300 includes a uni-polar configuration and conduit 338 is maintained at
& positive voltage potential and conduit 340 is maintained at a substantially neutral, or ground
potential. Alternatively, HVDC transmission system 300 may have a bi-polar configuration,
1.e., conduit 338 is energized with a positive polarity and conduit 340 is energized with a
negative polarity. In the exemplary embodiment, first converter system 308 and second
converter system 334 are substantially identical. Alternatively, first converter systom 308

and second converter system 334 are different.

{80381 In operation, fivst converter system 308 recetves three-phase, sinusoidal, alternating
current {AC) power from AC clectric power source 302 and rectifies the three-phase,
singsoidal, AC power to DC power with a current Ine at a predetermined voltage Ve that is
transmitted across conduits 338 and 340, Secound converter system 334 receives Ipe and
converts the DC power to three-phase, sinusoidal, AC power with pre-determined voltages,
currents, and frequencies. The combination of SCC 322 and CCC 310 regulates the DC

voltage (Vo) on the DC-side of first converter systeme 308 within established parameters.

16848} FIG. 4 s a schematic view of an excmplary high voltage direct current (HVDC)
converter systom 400 that may be used with HVDC transmission system 300 as first
converter system 308 (shown in FIG. 3). In the exemplary embodiment, HVDC converter
systern 400 includes at least one externally, i.e., capacitor commutated converter (CCC) 410
{twe shown in FIG. 4} as CCC 310 (shown in FIG. 3). CCC 419 includes a plurality of fixed
capacitors 450 coupled to a phurality of semiconductor power devices, e.g., and without
exception, thyristors 452. Each CCC 410 converts AC voltages and AC currents to a DC
voltage, Le., Vpecoce and BC current. Fixed capacitors 450 facilitate commutation of

thyristors 452,

(8041} HVDC converter system 400 also includes at least one self-commutated converter

(SCCY 454 (only one shown in FIG. 4) as SCC 322 (shown in FIG. 3). SCC 454 1s

10
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bidirectional. In the exemplary embodiment, SCC 454 includes at least one AC/DC stage
456 and at least one DC/DC stage 458 coupled in series with cach other {only one of each

shown).

[8842] AC/DC stage 456 mehades a plorality of AC terminals 460 and is coupled to AC
conduit 324 through AC terminals 460, AC/DC stage 456 is coupled in parallel with CCCs
410 through AC terminals 460, AC conduits 324, and tertiary windings 320. AC/DC stage
456 also inchudes a plorality of DC terminals 462 and is coupled to BC/DC stage 458 through
BC terminals 462, AC/DC stage 456 further includes a plurality of branched conduits 464
extending from AC terminals 460 to DC terminals 462, Fach branched conduit 464 includes
a plurality, ie., a set of capacitive sub-modules 466 shown as a capacitive device with an
arrow extending therethrough. As such, cach sct of capacitive sub-modules 466 inclades a
plurality of individual capacitive sub-modules (not shown in FIG. 4, and discussed further
below), and each individual capacitive sub-module within each set 466 1s configured to be
selectably placed in service, thereby facilitating operating cach set of capacitive sub-modules

466 as a varisble capacitive deovice.

[8843] DC/DC stage 458 inchades a plorality of BC terminals 468 that couples DC/DC
stage 458 1o AC/DC stage 456 through DC teroduals 462, DC/DC stage 458 also mchudes a
plurality of fast-acting semiconductor switches 470, ¢.g., and withowut exception, insulated
gate bipolar transistors (JGBTs) and thyristors. Alternatively, any switching devices that
enable operation of DC/DC stage 470 as described herein are used, mcluding, without
Hmdtation, mercury tubes. DC/DC stage 458 further inchudes a plurality of DC torminals 472
and 15 coupled to DC conduits 326 through DC ternunals 472, and is therefore coupled in
series with CCCs 410 through DC conduits 326. SCC 454 converis AC voltages and AC

currents to a DC voltage, e, Vpesce and DC current.

18044} in operation, CCCs 410 receive threo-phase, sinusoidal, AC power from AC electric
power source 302 through primary windings 316 and secondary windings 314 of transtformer
317 and AC conduits 314 at voltage Var. CCCs 410 rectify the AC voltage to a HVDC

voltage, i.¢., Vpocoo.

[B045]  Also, in operation, AC/DC stage 456 of SCC 454 receives three-phase, sinusoidal,

11
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AC power from AC electric power source 302 through primary windings 316 and tertiary
windings 320 of transformer 312 and AC conduits 324 at voltage Vaca. AC/DC stage 456
rectifies the AC voltage and current to an intermediate DC voliage Vpe.m and intermediate
current value that are transmitted to DC/DC stage 458 through DC terminals 462 and 468,
DC/DC stage 458 modualaies, e.g., through pulse width modulation (PWM) the intermediate
DC voltage Vo to an HVDC veoltage vahiue, L.e., Vposee, with a commensurate HVDC
current value, that s summed with Vpe.coo 10 induce Vpe. The combination of SCC 454 and
CCCs 410 regulates the Vpe and Ipe on HVDC ransmussion conduits 338 and 340 within
established parameters. In the exemplary embodiment, Ve is tn excess of 300 kilovolts

135

[8046] SCC 454 as described herein uses AC/DC stage 456 including capacitive sub-
modules 466 with varviable couergy storage features to facilitate regulating, i.c., shaping AC
voltage, AC current, intermediate DC voltage, and intermediate DC corrent waveforms.
Alsg, SCC 454 uses DO/DC stage 458, mehuding fast-acting semiconductor switches 470, to
regulate the charging of capacitive sub-modules 466 such that the associated in-rush corrent
18 regulated within predetermined current paramcters, thereby decreasing a voliage stress
induced on the components of capacitive sub-modules 466 and the related circuitry such that
there is no need to use an additional pre-charging circuit. Under some circumstances, 1.6.,
when SCC 454 has a reversed current flow, 1e., DC-to-AC, c.g., during black start operation,
DC/DC stage 458 uses fast-acting semiconductor switches 470 to facilitate regulating, i.c.,

shaping intermediate DC voltage and intermediate DC current waveforms.

186477 Also, in operation, BC/DC stage 458 may be placed in a bypass mode through
closing SCC bypass switch 330 and opening switches 470 such that CCCs 410 are coupled to
HVDC transmission conduit 340 through closed bypass switch 330 and AC/DC stage 456 15
solated from HVYDC conduits 338 and 340 and the associated DC voltage transients and DC
current transients thereon. Further, in operation, capacitive sub-modules 466 may be
operated to reguiate the AC-10-DC conversion such that AC/DC stage 456 facilitates

decoupling DC/DC stage 458 from AC transients upstream of AC terminals 460,

[8048] FIG. 5 is 3 schomatic view of a plurality of, L.e., exemplary set of capacitive sub-

modules 466 that may be used with HVDC converter systern 400 (shown in F1G. 4). Inthe
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exemplary embodiment, set of capacitive sub-modules 466 is positioned between two
terminals 474 and 476, Also, in the exemplary embodiment, set 466 includes capacitive sub-
modules 478 coupled together in a serics configoration. Alternatively, any clecirical
contiguration of capacitive sub-modules 478 that enables operation of HVDC converter
systern 400 as described herein is used. Each capacitive sub-module 478 1s discussed further

below,

[8849] FIG. 6 is a schematic view of an exemplary capacitive sub-module 500 that may be
used with set of capacitive sub-modules 466 and that may be used as capacitive sub-module
473 {(both shown in FIG. §). In the exemplary embodiment, capacitive sub-module 300
ichides a plorality of semiconductor switching devices S02 and 504, ¢.g., and without
Emitation, IGBTs. Also, capacitive sub-module 500 includes at least one enecrgy storage
clement, e.g., and without Houtation, a capacitor 506 coupled 1o semiconductor switching

devices 502 and 504.

166561 Intypical eperation, semiconductor switching devices 502 and 504 shift between an
ON state and an OFF state to regulate capacitor 506, As such, operation of semiconductor
switching devices 502 and 504 regulates current flow through devices 302 and 504 and
capacitor 306 and, therefore, current tflow through capacitive sub-module 500, Also,
operation of semiconductor switching devices 502 and 504 regulates a voltage state, or level
of capacitor 506 and, therefore, capacitive sub-module S00. A phurality of capacitive sub-
modules 500 is positioned within set of capacitive sub-modules 466 and operation of
switching devices 502 and 504 in cach sub-module 500 regulates current and voltage
throughout set of capacitive sub-modules 466, and therefore regulate AC voltage, AC current

at condit 460 and intermediate DC voltage and current at terminals 462,

{8851} FIG. 7 is a schematic view of an alterpative capacitive sub-module 510 that may be
used with set of capacitive sub-modulcs 466 and that may be used as capacitive sub-module
478 (both shown in FIG. 5). In the exemplary embodiment, capacitive sub-maodule 510
includes a phurality of semiconductor switching devices §12, 514, 516, and 518, e.g., and
without Hmitation, IGBTs. Also, capacitive sub-modele 510 includes at least one energy
storage clement, ¢.g., and without Himitation, a capacitor 520 coupled to semiconductor

switching devices 512, 514, 516, and 518,
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[B052]  In typical operation, semiconductor switching devices 512, 514, 516, and 518 shaft
between an ON state and an OFF state to regulate capacitor S20. As such, operation of
semiconductor switching devices 512, 514, 516, and 518 regulates current flow through
devices 512, 514, 516, and 518 and capacittor 520, and theretore, current flow through
capacitive sub-module 10, Also, operation of semiconductor switching devices 512, 514,
516, and 518 rogulates a voltage state, or level of capacitor 520 and, thercfore, capacitive
sub-module 510, A plurality of capacitive sub-roodules 510 is positioned within set of
capacitive sub-modules 466, and operation of switching devices 512, 514, 516, and 518 in
each sub-module S10 regolates current and voltage throughout set of capacitive sub-modules
466, and therefore regulates AC voltage, AC current at conduit 460 and the imtormediate DC

voltage and current at terminals 462,

[B053] For example, and without Hmitation, if semiconductor switching devices 512 and
518 arc in an ON state and switching device 514 and 516 are in an OFF state, capacitor 520 is
effectively bypassed. For those circomstances when semiconduactor switching devices 512
and 516 are in an ON state, and semiconductor switching devices 514 and 518 are in ap OFF
state, capacitor 520 is effectively bypassed. Sumilarly, For those circumstances when
sericonductor switching devices 512 and 516 are in an OFF state, and semiconductor
switching devices 514 and 518 are in an ON state, capacitor 520 is effectively bypassed. For
those circumstances when semiconductor switching devices 512 and 518 are i an OFF state
and semiconductor switching devices 514 and 516 are n an ON state, a polarity of capacitor
520 is indoced such that curvent is transmitted through switching devices $14 and 516 and
capacitor S20. Alternatively, for those circumstances when semiconductor switching devices
514 and 516 are in an OFF state and semiconductor switching devices 512 and 518 arc fn an
ON state, a polarity of capacitor 520 is induced such that current 18 transmitied through

switching devices 512 and 518 and capacitor 520.

[#0%4] FIG. 8 is a schematic view of another alternative capacitive sub-module 530 that
may be used with set of capacitive sub-modules 466 and that may be used as capacitive sub-
modube 478 (both showr in FIG. 5). To the exeroplary embodiment, capacitive sub-maodule
530 inchides a plurality of semiconductor switching devices 532 and 534, ¢.g., and without
Hmitation, insulated gate bipolar transistors (IGBTs). Capacitive sub-moduale 530 also

inchudes two energy storage clements, ¢.g., and without limitation, capacitors 536 and 538 as

14
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two capacitive segments 536 and 538 coupled to semiconductor switching devices 532 and
534, Capacitive sub-module 530 further includes a fault module 544 that includes a

sericonductor switching device 546, ¢.g., an IGBT and a2 diode 544,

[68535] In typical operation, semiconductor switching devices 532 and 534 shift between an
ON state and an OFF state to regulate a state of capacitive segments 336 and 538, Also,
switching device 546 1s normally on and diede 548 allows curvent only in one divection, e,
towards capacitor 538 and switch 534, As such, operation of semiconductor switching
devices 532 and 534 regulates current flow and a voltage state through capacitive sub-module
530. Therefore, a phurality of capacitive sub-modules 530 is positioned within set of
capacitive sub-modules 466 and regulates current and voltage throughout set of capacitive
sub-modules 466, and therefore regulates AC voltage and AC current at conduit 460 and

intermediate DC voltage and current at terminals 462,

180561  Inthe event of a severe transient and/or a fault on a portion of HVDC transmigsion
system 300, ¢.g., and without Hmitation, HVDC transnussion conduits 5338 and 540,
switching device 546 switches to an OFF state, one of capacitive scgments 540 and 542 of
capacitors 536 and 538 attain a reversed voltage polarity to current flow, and diode 548
prevents current flow out of capacitive sub-module 530, Therefore, overall corrent flow

through capacitive sub-modale 530 1s significantly decreased during fault conditions,

1668571 FIG. 9 15 a schematic view of a plurality of capacitive sub-modules 550 and 560
similar to capacitive sab-module 530 (shown in FIG. 8) that shares a fault module 544,
Specifically, capacitive sub-modriles 550 and 560 are configured with fault module S44 such
that at least two of four semicounductor switching devices are shared between adjacent
capacitive sub-modules. Capacitive sub-module $50 includes similar numbering of
components as capacitive sub-module S30 (shown in FIG. 8). In contrast, capacitive sub-
module 560 inchides semiconductor switching devices 562 and 564 and capacitors, 1.,
capacitive segmenis 566 and 568 in a similar configuration as sub-module 350, Inthe
exerplary embodiment, capacitive sub-modude 550 shares switching devices 546 and 548
with capacitive sub-moduale 560, Operation of capacitive sub-modules 350 and 560 is stmilar

to that described for capacitive sub-module 530 above.

15
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{8858} FIG. 1014s a schematic view of an alternative HVDC converter system 600 that may
be used with HVDC transmission system 300, HVDC converter system 600 is similar to

HYDC converter system 400 {shown in FIG. 4) with the exceptions discussed below.

(80597 HVDC converter system 600 inchudes at least one self-commutated converter (S8CC)
654 {only one shown in FIG. 11) as SCC 322 (shown in FIG. 3}, SCC 634 is bidirectional.

In the exemplary embodiment, SCC 654 includes at least one AC/DC stage 656 and at least
one DC/DC stage 458 coupled in series with each other (only one of cach shown), SCC 654

converts AC voltages and AC currents to a DC voltage, i.e., Vposee and D current,
2 3

[8868] AC/DC stage 656 mehudes a plorality of AC terminals 660 and is coupled to AC
conduit 324 through AC terminals 660, AC/DC stage 656 is coupled in parallel with CCCs
410 through AC terminals 660, AC conduits 324, and tertiary windings 320. AC/DC stage
656 also inchudes plurality of DC terminals 462 and is coupled to BC/DC stage 458 through
BC terminals 462, AC/DC stage 656 further includes a plurality of branched conduits 664
extending from AC ferminals 460 to DC terminals 462. Fach branched conduit 664 includes

set of capacitive sub-modules 466,

[B861] AC/DC stage 6536 also inchudes a plarality of switching power poles 680 (three
shown) coupled to AC terminals 460 through branched conduits 664 and further coupled to
BC terminals 462, Each switching power pole 680 includes a phurality of switching devices
682 coupled in series (fwo devices 682 per pole 680 shown). A coupling terminal 684 ig
defined by switching power poles 680 such that all of switching power poles 680 are coupled
thercto. In the exemplary embodiment, each switching device 682 is a low-frequency switch
device contigured to cycle between an on-condition and an off-condition at a frequency up to
six times per AC line cyele 1o twelve times per AC Hne cycle. Alternatively, any cycle

frequency that enables operation of switching power poles 680 as described herein is used.

18662} Further, in the exemplary embodiment, each branched conduit 664 and each
switching pole 680 between switching devices 682 define a floating terminal 686
therebetween. Each capacitive sub-module 474 (shown in FIG. §) of capacitive sub-modules
466 is positioned between cach associated floating torminal 686 and associated AC terminal

460,
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80631 DC/DC stage 458 15 described above. BVDC converter system 600 also includes a
plurality of DC discomnect switches 688 coupled between DC terminals 462 and 468, therehy
facilitating isolation of AC/DC stage 656 from DC/DU stage 458 and the DC components

downstream.

[8064] In operation, CCCs 410 rectify AC voltage Ve to a HVDC voltage, i.e., Voccce,
as described above. Also, in operation, AC/DC stage 656 of SCC 654 receives three-phase,
sinuseidal, AC power from AC electric power source 302 through primary windings 316 and
tertiary windings 320 of transformer 312 and AC conduits 324 at voltage Vaca. AC/DC
stage 656 rectifies the AC voltage and current to an intermediate DC voltage Ve and
ntermediate current value that are fransmitted 1o DC/DC stage 458 through DC terminals 462
and 468 and DC disconnect switches 688. DC/DC stage 458 modulate the intermediate DC
voltage Vpoam to an HVDC voltage value, i.¢., Vpe.sce, with a commensurate HVDC current
value, that is summed with Vic.coc to induce Ve, The combination of SCC 654 and CCCs
410 regulates the Vpe and Inc on HVDC transmission conduits 338 and 340 within

established parameters. In the exemplary embodiment, Ve 15 10 excess of 800 kV.
~ 5

[8065] SCC 654 as described herein uses AC/DC stage 656 including capacitive sub-
modules 466 with varviable couergy storage features to facilitate regulating, i.c., shaping AC
voltage, AC current, intermediate DC voltage, and intermediate DC corrent waveforms.
Also, SCC 654 yses DC/DC stage 458, including fast-acting semiconductor switches 470, as
well as low-frequency switching devices 682 in AC/DC stage 656 to regulate the charging of
capacitive sub-modules 466 such that the associated in-rush current is regulated within
predetermined current parameters, thereby decreasing a voltage stress induced on the
components of capacitive sub-modules 466 and the related circuitry such that there 1s no need
to use an additional pre-charging circuit. 1n addition, the voltage stresses on capacitive sub-
modules 466 15 decreased by up 1o 309 to 50% of that associated with HVDC converter
system 400 (shown in FIG. 4). Under some circumstances, 1.e., when SCC 654 has a
reversed current flow, Le., DCo-AC, DC/DC stage 458 uses fast-acting semiconductor
switches 470 to facilitate regulating, t.e., shaping intormediate DC voltage and intermediate

DC current waveforms.

[8066] Also, inoperation, DC/DC stage 458 may be placed in a bypass mode through

17
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closing SCC bypass switch 330 and opening switches 470 such that CCCs 410 are coupled to
HVDC transmission conduit 340 through closed bypass swiich 330 and AC/DC stage 656 13
isolated from HVDC conduits 338 and 340 and the associated DC voliage transients and DC
current transients thercon, Further, in operation, in the event that DC/DC stage 458 must be
fully removed from service and isolated, DC disconnect switches 688 are opened and AC/DC
stage 656 may be operated as an AC filtering unit and/or a STATCOM. Moregover, in
operation, capacitive sub-modules 466 may be operated to regulate the AC-to-DC conversion
such that AC/DC stage 656 facilitates decoupling DO/DC stage 458 from AC transients

upstream of AC terminals 660.

{86677 FIG. 11 15 a schematic view of another alternative HVDC converter system 700 that
may be used with HVDC transmission system 300. HVDC converter system 700 is similar to

HVDC converter system 600 (shown in FIG. 11) with the exceptions discussed below,

18068] HVDC converter system 700 includes an SCC 754 that only includes AC/DC stage
636 and does not include DC/DC stage 458, Therefore, AC/DC stage 656 is configured to
generate HVDC voltages Vipesoe such that when added to Voooce induces a voltage Vpe in
execess of 800 kV. Opening all of switches 682 in switching power poles 680 and closing

7
7

SCC bypass switch 330 bypasses most of SCC 754 while CCCs 410 may remain in operation,

16869} FIG. 12 is a schematic view of an excmplary black start configuration 800 that may
be used with HVDC converter system 700, Stmilar configurations may be used with HVDC
converter systems 400 and 600 (shown in FiGs. 4 and 11, respectively). Black start

configuration 8GO is at least partially implemented in SCADA gystem 200 (shown in FIG. 2).

#0781 Also, in the exemplary embodiment, a black start flow path 802 is defined from AC
grid 304 through second converter system 334 {shown in FIG. 3}, HVDC transmission
conduit 338, CCC bypass switch 328, SCC 754 (AC/DC stage 656), to AC source 302, As
such, SCC 754 is bidirectional. For example, for those periods when no electric power
generators are in service within AC source 302, electric power is transmitted from AC grid
304 through system 300 to AC source 302 to power loads thercon. Based on the direction of

power flow, cither of second converter system 334 or SCC 754 controls the DC hine corrent.

180711 In black start operation, HVDC transmission system 300 starts with substantially

18
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IO

most devices between HVDC transmission conduit 338 and AC source 302 substantially
deenergized. Transformer 312 18 electrically isolated from CCCs 410, CCC bypass switch
328 is closed, cither locally or remotely, thereby defining a portion of path 802 that bypasses
CCCs 410, and directly coupling SCC 754 with HVDC transmission conduit 338, Also, in
black start operation, capacitive sub-modules 466 of SCC 754 are charged which in turn
energizes AC conduits 324, SCC 734 generates sufficient AC power to at least partially
engrgize AC conduits 324 and transoit AC power to AC source 302 through regulation of
capacitive sub-modules 466, Power flow through black start configuration 800 is indicated

by arrows 3{4.

{8672} The above described HYDC converter systems for HVDC transmission of electric
power described berein provide a cost-effective method for transmitting HVDC power in
excess of 800 kilovolts (kV). The embodiments described herein use a capacitor commmtated
converter {CCC) rather than Hne commurtated converters (LCCs) for conversion of AC power
to HVDC power. In addition to the CCCs, the embodiments described herein use a self-
commutated converter (SCC) coupled in paralie] with the CCC on the AC side and in series
with the CCC on the DC side. The SCCs described herein inchude an AC-1o-DC conversion
stage (AC/DC stage) inclhuding capacitive sub-modules with variable energy storage features
to facilitate regulating, i.e., shaping AC vokiage, AC current, intermediate DC voltage, and
intermediate DO current waveforms. Alse, the embodiments described herein use a plurality
of switching devices to further regulate the AC and DC waveforms. The plurality of
switching devices regulate the charging of the capacitive sub-modudes such that the
associated in-rush current 1s regulated within predetermined current parameters, thereby
decreasing a voltage stress induced on the components of the capacitive sub-modules and the
related circuitry such that there is no need to use an additional pre-charging circuit. In at least

N

one embodiment described herein, a DC-to-DC conversion stage (DC/DC stage) is coupled to
the AC/DC stage such that a plurality of fast-acting switches in the DC/DC stage regulate
operation as described above. In at least one other embodiment described herein, a plurality
of switches with a low switching frequency, 1.¢., up to 6-12 switching operations per one AC
cyele, in the AC/DC stage regulate operation as described above in cooperation with the
switches in the DC/DC stage. In at least one additional embodiment described berein, a

plurality of switches with a low switching frequency, i.e., up to 6-12 switching operations per

19



WO 2015/134346 PCT/US2015/018224

one AC cycle, in the AC/DC stage regulate operation as described above without a DC/DC

stage.

{86731  Anp exemplary technical effect of the methods, systems, and apparatus described
herein includes at least one oft {(a} using capacitive sub-modules to regolate conversion of AC
power to DC power and DC power to AC power; (b) using fast-acting switches and/or slow-
acting switches to facilitate regulation of the capacitive sub-modules; (¢) substantially
decreasing a size of the capacitive sub-moduales by redocing the voltage stresses indoced
thereon; (4) substantially decreasing a need for precharging circuits for the capacitive sub-
modules; {e) operating a SCC with the associated DC/DC stage bypassed 1o 1solate the
associated AC/DC stage from DC-side transients and faults, thereby facilitating continued
operation of the AC/DC stage; and (£} operating a SCC and regulating the associated

capacitive sub-modules to reduce AC transient effects on the DC/DC stage.

{6874} Excmplary embodiments of clectric power conversion sysiems for coupling power
grids through a HVDC fransmission system, and methods of operating such systeros and
devices are not limited to the specific embodiments described herein, but rather, components
of systems and/or steps of the methods may be utilized independently and separately from
other conponents and/or steps described herein. For exaraple, the methods may also be used
m combination with other systems requiring HVDC transmission and power conversion and
the associated methods, and are not himited to practice with only the HVDC transmission
systems and methods as described berein. Rather, the exemplary crabodiment can be
implernented and utihized in commection with many other DC transoussion applications that
are currently configured to transmit and receive electric power, e.g., and without lmitation,

DC distribution systems in remote areas and indastrial facilities.

(#8751  Although specific features of various embodiments of the tnvention may be shown
in some drawings and not in others, this is for convenience only. [n accordance with the
principles of the invention, any feature of a drawing may be referenced and/or claimed in

combination with any feature of any other drawing.

[8876] Some embodiments involve the use of one or more electronic or computing devices.

Such devices typically include a processor or controller, such as a general purpose central
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processing unit (CPU), a graphics processing unit {GPU), a microcontrolier, a reduced
mstruction set computer (RISC) processor, an application specific integrated cireuit {ASIC), a
programmable logic circuit (PLC), and/or any other circuit or processor capabie of executing
the functions described herein. The methods described herein may be encoded as executable
mstractions embodied in a computer readable medium, tncluding, without limitation, a
storage device and/or a memory device. Such instructions, when executed by a processor,
cause the processor to perform at least a portion of the methods described hercin. The above
examples are exeroplary only, and thus are not intended to Hmit in any way the definition

and/or meaning of the term processor.

{86771 This written description ases examples to disclose the invention, mchiding the best
mode, and also 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 1s defined by the claims, and may include other examples
that cecur to those skilled in the art. Such other examples are intended to be within the scope
of the claims if they have structural clements that do not differ from the literal language of
the clatms, or if they include equivalent structural elements with insubstantial ditferences

from the hiteral language of the claims.



WO 2015/134346 PCT/US2015/018224

WHAT IS CLAIMED IS:

L. A hybrid high voltage direct current (HVDC) converter system comprising:
at least one alternating cuorrent (AC) conduit;

at least one transformer coupled 1o said at least one AC conduit;

at least one divect current (DC) conduit;

al least one capacitor commmutated converter (CCC) configured to convert AC
voltages and AC currents to a DC voltage and DC current, said at least one CCC coupled to

said at least one AC conduit through said at least one transformer; and

at least one self-commutated converter (SCC) configured to convert AC voltages and
AC currents to a regulated DC voltage and DC current, said at least one SCC comprising at
feast one AC/DC stage and at feast one DU/DC stage coupled to said at least one AC/DC

stage.

2. The hybrid HVDC converter system in accordance with Claim 1, wherein said
at least one AC/DC stage is coupled to said at least one CCC through said at least one
transformer and said at least one AC conduit, and said at least one BC/DC stage and said at

feast one CCC are coupled in serics {0 said at least one DC conduit.

3. The hybrid HVDC converter system in accordance with Claim 1, wherein said

at ieast one AC/DC stage comprises:

a phurality of AC terminals;

a plurality of DC terminals; and

a plorality of branched condaits extending between said plurality of AC terminals and
said phurality of DC terminals, each branched conduit of said plurality of branched conduiis

comprising & plurality of capacitive sub-modules, cach capacitive sub-modulie of said

plurality of capacitive sub-modules configured to be selectably placed 0 service.

~

4. The hybrid HVDC converter system in accordance with Claim 3, wherein cach

]
V]
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said capacitive sub-module comprises a plurality of semiconductor switching devices and a
plurality of energy storage elements coupled to said phurality of semicondoctor switching
devices, said pharality of semiconductor switching devices configured to facilitate selectably
placing at least one encrgy storage element of said plurality of energy storage elements in

service.

S The hybrnid HVDC converter system in accordance with Claim 4, wherein said
plurality of energy storage elements comprises two capacitive segments, and said plorality of
sericonductor switching devices comprises four semiconductor devices, wherein said two
capacitive segments and said four semiconductor switching devices are configured such that
trning-off at least a portion of said four semiconductor switching devices places one of said
two capacitive segments in reverse voltage polarity to the current flow during faclt conditions
sensed 1n said plurality of DC terminals, thereby facilitating decreasing current flow

therethrough.

6. The hybnid HVDC converter system in accordance with Claim 6, wherein cach
said capacitive sub-module is configured such that at least two of said four semicondactor

switching devices arg shared between adjacent capacitive sub-modules.

7. The hybrid HVDC converter system in accordance with Claim 1 further

comprising at Jeast one CCC bypass switch coupled in parallel with said at least one CCC.

g. The hybrid HVDC converter system in accordance with Claim 7, wherein said
at least one SCC and said at least one CCC bypass switch at least partially define a black start

current transmission path.

9. The hybnid HVDC converter system in accordance with Claim 1, wherein said
at least one SCC further comprises at feast one DC/DC stage bypass switch coupled in

parallel with said at least one DC/DC stage.

10, The hybrid HVDC converter system in accordance with Claim 9, wherein said
at least one DC/DC stage comprises a plurality of semiconductor switches, said plorality of
serniconductor switches and said at least one DC/DC stage bypass switch tacilitate placing

said at least one DC/DC stage in a bypass mode, said at least one DC/DC stage configured to

N
()
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facilitate isolation of said at least one AC/DC stage from DC voltage transients and DC

current transients.

1. The hybrid HVDC converter system in accordance with Claim 3, wherein each
said capacitive sub-module comprises a plurality of semiconductor switching devices and a
plurality of energy storage clements coupled to said plurality of semiconductor switching
devices, said phirality of semiconductor switching devices facilitates selectably placing at
least one energy storage clement of said phwahity of energy storage elements in service,
wherein said plurality of semiconductor switching devices are configured to facilitate

regulation oft

at least one of an AC voltage and an AC current proximate said plurality of AC

terminals; and

at least one of an intermediate DC voltage and an intermediate DC current proximate
said plarality of DC terminals, wherein said at least one DC/DC stage is configured to
facilitate regulation of at least one of 8 HVDC voltage and a HVEC current proximate said at
least one DC conduit, and at least one of the intermediate DC voltage and the intermediate

DC current proximate said plurality of DC ternyinals.
12, A hybrid high voltage direct current (HVDC) converter system comprising:
at least one alternating current { AC) conduit;
al least one transformer coupled to said at least one AC conduit;
at least one divect current {DC) conduit;

at least one capacitor commutated converter (CCC) configured to convert AC
voltages and AC currents to 3 DC voltage and DC corrent, said at least one CCC coupled to

said at least one AC condutt through said at least one fransformer; and

at least one self-conunutated converter (SCC) configured to convert AC veltages and

currents to a regulated DC voltage and DC current, said at least one SCC comprising:

at least one AC/DC stage comprising:



WO 2015/134346 PCT/US2015/018224

a plurality of AC terminals;
a plurality of DC terminals; and

& plurality of switching power poles coupled to said plurality of AC

termoinals and coupled to said phality of DC terminals; and

at least one DC/DC stage coupled to said at least one AC/DC stage through

said ploarality of BC terminals.

13, The hybrnid HVDC converter system in accordance with Claim 12, wherein
said at least one AC/DC stage is coupled to said at least one CCC through said at least one
transformer and said at least one AL conduit, and said at least one BC/DC stage and said at

feast one CCC are coupled in series to said at feast one DC conduit.

4. The hybrid HVDC converter system in accordance with Claim 12, wherein
each switching power pole of said plurality of switching power poles comprises a plurality of
switching devices coupled in series, wherein said each switching power pole of said plurality
of switching power poles defines and is coupled to a coupling terminal, said at least one
AC/DC stage further comprises a phurality of branched conduits coupled to said plurality of
switching power poles, each branched conduit of said plurality of branched conduits
comprising a phurality of capacitive sub-modules, said phurality of branched conduits and said
plurality of switching devices define a plurality of floating ferminals therebetween, cach
capacitive sub-module of said phwality of capacitive sub-modules configured to be selectably
placed in service between said plorality of floating terminals and said plarality of AC

terminals.

15. The hybrid HVDC converter system in accordance with Claim 14, wherein
each said capacitive sub-module comprises a plurality of semiconductor switching devices
and a phurality of energy storage elements coupled to said plurality of semiconductor
switching devices, said plurality of semiconductor switching devices configured fo facilitate

sclectably placing at least one of said plurality of energy storage cloments in service.

16. The hybrid HVDC converter system in accordance with Claim 15, wherein

said plorality of encrgy storage elements comprises two capacitive segments, and said
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plurality of semiconductor switching devices comprises four semiconductor devices, wherein
said two capacitive segments and said four semiconductor switching devices are configured
such that torning-off at icast a portion of said four semiconductor switching devices places
one of said two capacitive segments n reverse voliage polarity to the current flow during
fault conditions sensed in said plurality of DC terminals, thereby facilitating decreasing

current flow therethrough.

17. The hybrid HVDC converter system in accordance with Clan 16, wherein
cach said capacitive sub-module is configured such that at least two of said fowr

semiconductor switching devices are shared between adjacent capacitive sub-modudes.

18. The hybrid HVDC converter system in accordance with Claim 12 further

comprising at least one CCC bypass switch coupled n parallel with said at least one CCC.

19. The hybrid HVDC converter system in accordance with Claim 18, wherein
said at least one SCC and said at least one CCC bypass switch at least partially define a black

start current transmission path,

2. The hybrid HVDC converter system in accordance with Clain 12, wherein
said at least one SCC further comprises at least one DU/DC stage bypass switch coupled in

parallel with said at least one DC/DC stage.

21 The hybrid HVDC converter system in accordance with Claim 20, wherein
said at least one DC/DC stage comprises a plurality of semiconductor switches, said pharality
of semiconductor switches and said at least one BC/DC stage bypass switch facilitate placing
said at least one DC/DC stage in a bypass mode, said at least one DC/DC stage configured to
facilitate 1solation of said at least one AC/DC stage from DC voltage transients and DC

current transiends.

22, The hybrid HVDC converter system in accordance with Claim 14, wherein
gach said capacitive sub-module comprises a plurality of semiconductor switching devices
and a pharality of cnergy storage clements coupled to said plurality of semiconductor
switching devices, said plurality of semiconductor switching devices facilitates selectably

placing at least one encrgy storage element of said plurality of energy storage elements in
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service, wherein said plurality of semiconductor switching devices and said plurality of

switching power pole switching devices are configured to facilitate regulation of:

at least one of an AC voltage and an AC current proximate said plurality of AC

terminals; and

at least one of an intermediate DC voltage and an intermediate DC current proximate
said phurality of DC terminals, wherein said at least one DU/DC stage configured to facilitate
regulation of at least one of a HVDC voltage and a HVDC current proximate said at least one
DC conduit, and at least one of the imtermediate DC voltage and the intermediate DC current

proximate said plurality of DC terminals.

23. The hybrid HVDC converter system in accordance with Clain 14, wherein
cach switching device of said plurality of swiiching devices of said plurality of swiiching
power poles comprises a low-frequency switch device configured to eycle between an on-
condition and an off-condition at a frequency within a range between approximately six times

per AC line cycle and approximately twelve times per AC line cycle.
24. A hybrid high voltage divect current (HVDC) converter system comprising:
at least one alternating aurvent (AC) conduit;
at least one transformer coupled to said at least one AC condut;
at least one direct current (DC) conduit;

at least one capacitor commutated converter (CCC) configured to convert AC
voltages and AC currents to a DC voltage and DC current, said at least one CCC coupled to

said at least one AC conduit through said at least one trapsformer; and

at least one self-commutated converter (SCC) configured to convert AC voltages and

AC currents to a regulated DC voltage and DC current, said at least one SCC comprising:
a plurality of AC terminals;

a plurality of DC terminals; and
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a plurality of switching power poles coupled to said plurality of AC terminals

and coupled to said plurality of DC terminals.

25. The hybrid HVDC converter system in accordance with Claim 24, wherein
cach switching power pole of said plurality of switching power poles comprises a plurality of
switching devices coupled in series, wherein said each switching power pole of said pluraluy
of switching power poles defines and is coupled to a coupling terminal, said at least one
AC/DC stage further comprises a phirality of branched conduits coupled to said plurality of
switching power poles, cach branched conduit of said plurality of branched conduits
comprising & plurality of capacitive sub-modudes, said plurality of branched conduits and said
plurality of switching devices define a plurality of floating terminals therchetween, each
capacitive sub-module of said plurality of capacitive sub-modules configured to be selectably
placed in service between said plurality of floating ferminals and said plorality of AC
terminals, said at least one SCC coupled to said at least one CCC through said at least one
transformer and said at least one AC conduit, and said at least one SCC and said at least one

CCC coupled in series to said at least one DO conduit.

26, The hybrid HVDC converter system in accordance with Claim 25 wherein
said plurality of encrgy storage clements conyprises two capacitive segments, and said
plurality of semiconductor switching devices comprises four semiconductor devices, wherein
said two capacitive segments and said four semiconductor switching devices are configured
such that turning-off at feast a portion of said four semiconductor switching devices places
ome of said two capacitive segraents in reverse voltage polarity to the current flow during
fault conditions sensed in satd plurality of DC terminals, thereby facilitating decreasing

current flow therethrooagh.

27. The hybrid HVDC converter system in accordance with Claim 26, wherein
cach said plurality of capacitive sub-module is configured such that at least two of said four

serniconductor switching devices arc shared between adjacent capacitive sub-modules.

28. The hybrid HVDC converter system in accordance with Claim 24 forther

comprising at least one CCC bypass swiich coupled in parallel with said at least one CCC.

29. The hybrid HVDC converter system in accordance with Claim 28, wherein
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said at least one SCC and said at least one CCC bypass switch at least partially define a black

start current transmission path,

30. The hybrid HVDC converter system in accordance with Claim 24 forther

comprising at least one SCC stage bypass switch in parallel with said at least one SCC.

31 The hybrid HVDC converter system in accordance with Claim 25, wherein
cach switching device of said plurality of swiiching devices of said plurality of swiiching
power poles comprises a low-frequency switch device configured to eycle between an on-
condition and an off-condition at a frequency within a range between approximately six times

per AC line cycle and approximately twelve times per AC line cycle.

32. The hybrid HVDC converter system in accordance with Claim 25, wherein
cach said capacitive sub-module comprises a plorality of semiconductor switching devices
and a plurality of cnergy storage clements coupled to said plurality of semiconductor
switching devices, said plurality of semiconduactor switching devices configured to facilitate
sclectably placing at lcast one encrgy storage element of said plurality of cnergy storage
clements in service, whercin said plurality of seodconductor switching devices and said

plurality of switching power pole switching devices are configured to facilitate regulation oft

at least one of an AC voltage and an AC current proximate said plurality of AC

termunals; and

at least one of a HVDC voltage and a HVDC curvent proximate said at least one DC

conduit.
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