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57 ABSTRACT

Aspects are described for line frequency commutated volt-
age source converters for multiphase modular multilevel
converters. A voltage source converter (VSC) capacitor
voltage of a multiphase VSC of a multiphase power con-
verter can be identified. The multiphase VSC can include a
half-bridge circuit for each phase of the multiphase power
converter. A circuit parameter can be identified and utilized
to determine an arm voltage of an arm of a branch of the
multiphase converter. Switch control signals can be gener-
ated to insert or bypass the VSC capacitor for the arm of the
branch of the multiphase converter device, based at least in
part on a comparison between the arm voltage and the VSC
capacitor voltage.

20 Claims, 12 Drawing Sheets
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1
LINE FREQUENCY COMMUTATED
VOLTAGE SOURCE CONVERTERS FOR
MULTIPHASE MODULAR MULTILEVEL
CONVERTERS

GOVERNMENT RIGHTS STATEMENT

This invention was made with government support under
Grant No. ECCS2022397, awarded by the National Science
Foundation. The government has certain rights in this inven-
tion.

BACKGROUND

Modular multilevel converter topologies are popular for
use in many medium and high voltage applications. Modular
multilevel converter topologies can be modular, scalable,
and reliable in these applications. However, modular mul-
tilevel converter topologies can suffer from several con-
straints. For example, the number of semiconductor devices
per converter system can be high. Modular multilevel con-
verter designs can also require direct current (DC)-link
capacitors, which increase the construction cost and overall
system volume.

In order to solve this issue, various new topologies have
been proposed to improve modular multilevel converter
(MMC) power density. Some of these topologies feature the
combination of high voltage series insulated-gate bipolar
transistors (IGBTs) and chain-link structures used in modu-
lar multilevel converters and can be referred to as hybrid
modular multilevel converters. Some examples can include
alternate arm converters, H-bridge hybrid modular convert-
ers, parallel hybrid converters, hybrid three-level converters
with alternating current (AC)-side cascaded full-bridge sub-
modules, and modular embedded multilevel converters. All
the aforementioned topologies can address one or more
problems in modular multilevel converters. However, there
is still a need for more variable and more efficient solutions
for modular multilevel converters.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the present disclosure can be better
understood with reference to the following drawings. The
components in the drawings are not necessarily drawn to
scale, with emphasis instead being placed upon clearly
illustrating the principles of the disclosure. In the drawings,
like reference numerals designate corresponding parts
throughout the several views.

FIG. 1A illustrates an example of a modular multilevel
converter with a multiphase line frequency commutated
voltage source converter according to embodiments of the
present disclosure.

FIG. 1B illustrates an example of a single phase of the
modular multilevel converter shown in FIG. 1A according to
embodiments of the present disclosure.

FIG. 2 illustrates an example of a line frequency com-
mutating controller for modular multilevel converters and
hybrid modular multilevel converters with multiphase volt-
age source converters according to embodiments of the
present disclosure.

FIG. 3 illustrates example voltage graphs of an upper arm
of the modular multilevel converter with multiphase line
frequency commutated voltage source converter of FIG. 1A
according to embodiments of the present disclosure.
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FIG. 4 illustrates an example of voltage, current and
energy graphs of the modular multilevel converter shown in
FIG. 1A according to embodiments of the present disclosure.

FIG. 5 illustrates an example of voltage source converter
capacitor current and ripple cancellation of the modular
multilevel converter shown in FIG. 1A according to embodi-
ments of the present disclosure.

FIG. 6 illustrates an example of self-regulating operation
of the modular multilevel converter shown in FIG. 1A
according to embodiments of the present disclosure.

FIG. 7 illustrates an example of a multiphase hybrid
modular multilevel converter with multiphase line fre-
quency commutated voltage source converters according to
embodiments of the present disclosure.

FIG. 8 illustrates another example of a multiphase hybrid
modular multilevel converter with multiphase line fre-
quency commutated voltage source converter according to
embodiments of the present disclosure.

FIG. 9 illustrates an example of voltage graphs of an
upper arm of a multiphase hybrid modular multilevel con-
verter with multiphase line frequency commutated voltage
source converter according to embodiments of the present
disclosure.

FIG. 10 illustrates an example of voltage source converter
capacitor current and ripple cancellation of a multiphase
hybrid modular multilevel converter with multiphase line
frequency commutated voltage source converter according
to embodiments of the present disclosure.

FIG. 11 illustrates an example flowchart of the operation
of the line frequency commutating controller for modular
multilevel converters and hybrid modular multilevel con-
verters with multiphase voltage source converters according
to embodiments of the present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to using one or more
multiphase line frequency commutated voltage source con-
verters (VSCs) for modular multilevel converter (MMC) and
hybrid modular multilevel converter (HMMC) topologies.
MMC topologies are popular for use in many medium and
high voltage applications. However, MMC topologies can
suffer from several constraints. For example, the number of
semiconductor devices per converter system can be high.
MMC designs can also require direct current (DC)-link
capacitors, which increase the construction cost and overall
system volume. Although there are a number of variants of
MMCs, there is still a need for more variable and more
efficient solutions for MMCs. The present disclosure
describes control methods of line frequency commutated
VSCs for MMC and HMMC topologies and introduces
topologies for multiphase HMMCs with multiphase line
frequency commutated VSCs. Compared with traditional
technologies, the device number and capacitor size can be
reduced significantly. Therefore, smaller volume and con-
struction cost can be achieved.

FIG. 1A illustrates an example of a MMC 100 with a
multiphase line frequency commutated voltage source con-
verter. The MMC 100 is one example of a power converter
system that can incorporate the improvements described
herein. The improvements can be applied to other types and
topologies of power converters. The MMC 100 can include
anumber of branches for multiphase or polyphase operation,
such as three branches for a three phase operation as shown.
However, any number of phases, such as one phase, two
phase, three phase, four phase, five phase, and so on can be
used. The MMC 100 can be capable of AC-to-DC and
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DC-to-AC conversions in the various embodiments. The
MMC 100 includes an upper multiphase line frequency
commutated VSC 103 and a lower multiphase line fre-
quency commutated VSC 106. In some cases, the upper
multiphase line frequency commutated VSC 103 and the
lower multiphase line frequency commutated VSC 106 can
be considered upper and lower components of a single VSC.

The MMC 100 can take (or generate) a voltage V ;. across
DC nodes of a DC bus. A positive or upper DC node can
connect to an upper side of the upper multiphase line
frequency commutated VSC 103. The upper multiphase line
frequency commutated VSC 103 can include a single VSC
capacitor Cy, connected in parallel with a number of VSC
half-bridge circuits 104A-104C (collectively “VSC half-
bridge circuits 104”). The number of VSC half-bridge
circuits 104 can correspond to the number of phases of the
MMC 100. Three VSC half-bridge circuits 104 are used in
the VSC 103 of the MMC 100 shown in FIG. 1A, because
MMC 100 is designed for three phase operation. The voltage
V,a_vse €an refer to a voltage from the upper DC node to a
midpoint of each VSC half-bridge circuit 104 of the upper
multiphase line frequency commutated VSC 103. Each
branch can include its own v, , . value. The upper sides of
the upper switches of the three branch VSC half-bridge
circuits 104 of the upper multiphase line frequency com-
mutated VSC 103 can be connected to the upper DC node of
the MMC 100. The lower sides of the lower switches of each
of'the three branch VSC half-bridge circuits 104 of the upper
multiphase line frequency commutated VSC 103 can be
connected to each other as shown in FIG. 1A.

In some cases, a capacitor bank of series and/or parallel
capacitors can be provided rather than a single capacitor
single VSC capacitor C,.. The VSC capacitor of the upper
arms of the MMC 100 can also be referred to as an upper
VSC capacitor Cs,~ The switches used in the VSC half-
bridge circuits 104 of the upper multiphase line frequency
commutated VSC 103 can include one or more insulated-
gate bipolar transistors (IGBTs) and can be referred to as an
IGBT stack. The switch or stack of switching devices used
in the upper multiphase line frequency commutated VSC
103 can have a higher voltage rating and lower chopping
speed with respect to the switching devices in each submod-
ule of the upper series submodule chain links 1094, 1095,
and 109c.

In each branch corresponding to a phase of the MMC 100,
the midpoint of each half-bridge circuit of the upper multi-
phase line frequency commutated VSC 103 can be con-
nected in series with an upper series submodule chain link
109, such as the branch series submodule chain link 1094,
the branch series submodule chain link 10954, and the branch
series submodule chain link 109¢. Each branch series sub-
module chain link 1094, 1095, and 109¢ (collectively “chain
links 109,” individually “chain link 109”) can include a
number of submodules. While three are shown, there can be
any number of half-bridge submodules in a series submod-
ule chain link 109. As shown in the inset in FIG. 1A, each
of the half-bridge submodules can include a DC capacitor
submodule capacitor Cg,, connected across the half-bridge
circuit, each with a submodule capacitor voltage of Vg,

An output voltage across the series submodule chain link
109q for the upper arm of branch Acan bev,,, .. This value
can be equated, approximated, or otherwise related to a
voltage v_,, that is a sum of the submodule capacitor
voltages Vg, Or 0¥V g, where n is a number of the
submodules in the series submodule chain link 109a. How-
ever, n can also be a number of the submodules that are
connected in series rather than shorted using the correspond-
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4

ing half-bridge circuits of the series submodule chain link
109a. A controller such as the line frequency commutating
controller 115 can generate signals to connect or short each
submodule. An arm voltage v,,, for the upper arm of branch
A can be asum ofv,, , and v,, .. A voltage across the
branch series submodule chain link 1094 for branch B can
bev While not shown, the arm voltage v, for branch

pb_sm*
B can be a sum of v and v, .. A voltage across the

b_sm
branch series submodpule chain link 109¢ for branch C can be
v While not shown, the arm voltage v,,. for branch C

pec_sm*
can be a sum of v and v,,. ., as can be understood.

A negative, groﬁrfd, or lower DC node can connect to a
lower side of the lower multiphase line frequency commu-
tated VSC 106. The lower multiphase line frequency com-
mutated VSC 106 can include a single VSC capacitor C .,
connected in parallel with a number of half-bridge circuits
corresponding to the number of phases of the MMC 100, in
this case three half-bridge circuits. The voltage v,,, .. can
refer to a voltage from the lower DC node to a midpoint of
each half-bridge circuit of the lower multiphase line fre-
quency commutated VSC 106. The lower sides of the lower
switches of the three branch half-bridge circuits of the lower
multiphase line frequency commutated VSC 106 can be
connected to the lower DC node of the MMC 100. The upper
sides of the upper switches of each of the three branch
half-bridge circuits of the lower multiphase line frequency
commutated VSC 106 can be connected to each other.

In some cases, a capacitor bank of parallel capacitors can
be provided rather than a single capacitor single VSC
capacitor C,.. The VSC capacitor of the lower arms of the
MMC 100 can also be referred to as a lower VSC capacitor
Cyscz- Each of the switches used in the lower multiphase
line frequency commutated VSC 106 can include one or
more insulated-gate bipolar transistors (IGBTs) and can be
referred to as an IGBT stack. The switch or stack of
switching devices used in the lower multiphase line fre-
quency commutated VSC 106 can have a higher voltage
rating and lower chopping speed with respect to the switch-
ing devices in each submodule of the lower series submod-
ule chain links 112a, 1125, and 112c.

In each branch corresponding to a phase of the MMC 100,
the midpoint of each half-bridge circuit of the lower multi-
phase line frequency commutated VSC 106 can be con-
nected in series with a lower series submodule chain link
112, such as the branch series submodule chain link 112a,
the branch series submodule chain link 1125, and the branch
series submodule chain link 112¢. Each branch series sub-
module chain link 112aq, 1125, and 112¢ can include a
number of submodules. While three are shown, there can be
any number of half-bridge submodules in a series submod-
ule chain link 112. Each of the half-bridge submodules can
include a DC capacitor submodule capacitor Cg,, connected
across the half-bridge circuit.

A voltage across the branch series submodule chain link
1124 for branch A can be v,,, ,,. An arm voltage v, , for the
lower arm of branch A can be a sum of v,,,, ., and v, ...
A voltage across the branch series submodule chain link
1125 for branch B can be v,,,, ., While not shown, the arm
voltage v, for branch B can be a sum of'v,,, ,, and v, ...
A voltage across the branch series submodule chain link
112¢ for branch C can be v, ,,,. While not shown, the arm
voltage v,,. for branch C can be a sum of v, ,,, and v
as can be understood. -

Arm current i,, can be a current through the positive or
upper arm of branch A. This current can be detected or
identified as current through any of the series upper arm
elements including an arm inductor, the series submodule

He_vscd
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chain link 109a and the upper multiphase line frequency
commutated VSC 103. Arm current i,, can be a current
through the positive or upper arm of branch B. This current
can be detected or identified as current through any of the
series upper arm elements including an arm inductor, the
series submodule chain link 1095 and the upper multiphase
line frequency commutated VSC 103. Arm current i,,. can be
a current through the positive or upper arm of branch C. This
current can be detected or identified as current through any
of the series upper arm elements including an arm inductor,
the series submodule chain link 109¢ and the upper multi-
phase line frequency commutated VSC 103.

Arm current i, can be a current through the negative or
lower arm of branch A. This current can be detected or
identified as current through any of the series lower arm
elements including an arm inductor, the series submodule
chain link 112¢ and the lower multiphase line frequency
commutated VSC 106. Arm current i,, can be a current
through the negative or lower arm of branch B. This current
can be detected or identified as current through any of the
series lower arm elements including an arm inductor, the
series submodule chain link 11256 and the lower multiphase
line frequency commutated VSC 106. Arm current i, can be
a current through the negative or lower arm of branch C.
This current can be detected or identified as a current
through any of the series lower arm elements including an
arm inductor, the series submodule chain link 112¢ and the
lower multiphase line frequency commutated VSC 106.

The MMC 100 can include and be controlled using a line
frequency commutating controller 115. The line frequency
commutating controller 115 and associated sensors can
monitor operational parameters the components of the MMC
100. The line frequency commutating controller 115 can use
the detected parameters to calculate upper and lower arm
reference voltages for each branch of the MMC 100. The
arm reference voltage can be compared to VSC capacitor
voltage in that arm (e.g., upper or lower VSC capacitor
voltage) in order to determine whether to insert or bypass the
VSC capacitor. This process can automatically provide arm
energy balancing that causes a positive area under an arm
current curve to be equal to a negative area under the arm
current curve when the VSC capacitor is inserted. Since the
line frequency commutating controller 115 uses operational
principles that perform energy balancing it can also be
referred to as an energy balancing controller. The line
frequency commutating controller 115 circuit can generate
and transmit or apply VSC switch control signals that insert
or bypass the VSC capacitor. The line frequency commu-
tating controller 115 circuit can generate and transmit or
apply submodule switch control signals for each submodule.
Generally, the line frequency commutating controller 115
control the MMC 100 to provide AC-to-DC and DC-to-AC
conversions in the various embodiments. The branch AC
currents of the MMC 100 can be i, i,, and i.. The branch AC
voltages of the MMC 100 can be v,, v,, and v_.

FIG. 1B shows a single phase or branch of the MMC 100
along with individual phases of the multiphase line fre-
quency commutated VSCs 103 and 106. The figure also
shows two operational states of the upper multiphase line
frequency commutated VSC 103 for illustrative purposes.
The principles of operation that are discussed with respect to
the single phase shown in FIG. 1B can be extended to full
multiphase operation and control, as can be understood. For
example, while branch A is described, the principles are
applicable to other branches.

Each arm, including the upper arm and the lower arm of
the single phase of the MMC 100 can include a high voltage
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VSC, a series submodules (SMs) based chain-link and an
arm inductor. For example, the upper arm of the single phase
of the MMC 100 can include the upper multiphase line
frequency commutated VSC 103 in series with the series
submodule chain link 109a and an upper arm inductor. The
upper multiphase line frequency commutated VSC 103, the
series submodule chain link 109a, and the upper arm induc-
tor can be in series between an upper DC node and a “branch
A” AC node. The upper DC node can span all branches of
the MMC 100 and can have a voltage of V /2.

The upper multiphase line frequency commutated VSC
103 can be considered a high voltage VSC. For example, a
voltage rating of the switching devices of the upper multi-
phase line frequency commutated VSC 103 can be greater or
higher than a voltage rating of switching devices of the
series submodule chain link 1094, and a voltage across the
VSC capacitor C, can be greater or higher than a single
submodule capacitor of a single submodule of the series
submodule chain link 1094.

While a single switch is shown for each switching device
of the half-bridge circuit of the upper multiphase line
frequency commutated VSC 103, each switch shown
includes an IGBT, metal oxide field effect transistor (MOS-
FET), or other kind of switching device stack 121 or series
stack of switching devices. The switches of the lower
multiphase line frequency commutated VSC 106 can also
include a switching device stack.

There can be two working states for the high voltage
upper multiphase line frequency commutated VSC 103. For
example, the high voltage upper multiphase line frequency
commutated VSC 103-1 shows a current path when Q, .
is turned on (closed) and Q, ,,. is turned off (open). This
current path shows that the VSC capacitor C .. is bypassed.
In other words, when Q, .. is turned on, the high voltage
upper multiphase line frequency commutated VSC 103 is
“bypassed,” or in bypass mode.

By contrast, the high voltage upper multiphase line fre-
quency commutated VSC 103-2 shows a current path when
Q, . 1s turned on and Q, . is turned off. This current path
shows that the VSC capacitor C . is inserted in series with
the series submodule chain link 1094 and the arm inductor.
In other words, when Q, ,,,. is turned on, the high voltage
upper multiphase line frequency commutated VSC 103 is
“inserted,” or in insert mode. The line frequency commu-
tating controller 115 can provide VSC control signals to the
switches Q, .. and Q, ,.. to bypass and insert the VSC
capacitor C 5. The switches Q, ... and Q, .. correspond
to a particular branch of the upper multiphase line frequency
commutated VSC 103. Put another way, the switches Q, .
and Q, . correspond to an upper arm of the particular
branch or phase of the MMC 100. Insert mode and bypass
mode can be considered switching modes or operational
modes of a VSC half-bridge circuit 104 comprising the
switches Q, ,..and Q, ..

FIG. 2 illustrates an example of a line frequency com-
mutating controller 115 for MMCs and HMMCs with mul-
tiphase voltage source converters. This can include the
MMC 100 of FIGS. 1A and 1B, as well as the HMMCs of
FIGS. 7 and 8.

The line frequency commutating controller 115 can detect
OF IECEIVE Vs Ve, and v, using corresponding voltage
sensor devices. The voltage v, can refer to actual or
detected chain link (CL) capacitor voltage for the positive or
upper arm of branch A. The voltage v,,, can refer to actual
or detected CL capacitor voltage for the negative or lower
arm of branch A. The voltages v, and v, can The voltage
v, can be actual AC voltage for branch A. The voltage v, *



