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MODULAR, MULTI-CHANNEL, INTERLEAVED POWER CONVERTERS

TECHNICAL FIELD

The present disclosure relates to power converters for use in electric distribution systems.

U.S. GOVERNMENT RIGHTS
This invention was made with Government support under ARPA-E Cooperative Agreement DE-
AR0000141 awarded by the Department of Energy (DOE). The Government has certain rights

in this invention.

BACKGROUND
In the electric power industry, direct-current (DC) distribution systems, DC energy sources such
as photovoltaic (PV) panels and fuel cells, and DC-based energy storage systems are of
increasing interest. In particular, considerable research is directed to the development of
practical energy storage systems based on the use of batteries, superconductive energy storage

systems, flow batteries, super-capacitors, and the like.

Frequently, a DC energy source or DC loads need to be connected to an alternating-current (AC)
grid, AC source, or AC load. This is conventionally done with a grid-tie converter that converts
AC into DC and/or vice-versa. Hereinafter, such a converter is referred to as an AC-DC
converter or, more simply, a power converter, even in the event that the converter allows for
bidirectional power flow. Thus, the term AC-DC converter as used herein should not be
understood to be limited to converters in which the power flow is exclusively from the AC side
to the DC side. In some cases, the power flow is only one way, €.g., in the case of a solar panel
system supplying energy to an AC grid. In other cases, however, such as with the energy storage
systems mentioned above, the grid-tie converter must handle power flow in both directions, e.g.,
supporting power flow from the AC side to the DC side while charging a battery-based system,

and in the reverse direction when drawing energy from the batteries.

Accordingly, AC-DC converters that can handle bi-directional power flow and that have high-

efficiency, low distortion, and improved cost and size are needed.
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SUMMARY
Embodiments of the present invention include a voltage-source, multi-level, multi-channel,
interleaved power converter that can be used as an active rectifier or as an inverter. The
multilevel structure enables the converter to reach higher voltage levels, while the interleaving
approach allows the converter to handle higher current levels with significant reductions in the
size and weight of passive components, such as the AC linkage reactors and AC filter, as well as
reductions in DC-bus capacitor current ripple. In some embodiments, the converter structure has
a modular architecture, where each converter subcircuit can be switched at switching frequencies

that would comfortably ensure low total switching losses.

An example multi-phase power converter includes two or more multi-phase, bi-directional,
multi-level, switching power converter subcircuits connected in parallel at respective AC and DC
sides, so as to provide a multi-channel, bi-directional, multi-level configuration. The AC sides of
the switching converter subcircuits are directly coupled to one another and to a multi-phase AC
input via series interface reactors, and the DC sides of the switching converter subcircuits are
directly connected to one another and to a common split-capacitor bank at each level of the
multi-level outputs of the switching converter subcircuits. A control circuit is configured to
selectively control one or more switching semiconductor devices in each of the switching

converter subcircuits.

In some embodiments, the control circuit includes a closed-loop zero-sequence component
controller configured to substantially eliminate circulating current among the switching converter
subcircuits by maintaining the average of zero-sequence current component, Iz, near zero and an
additional zero-sequence duty cycle generator (alternatively referred to as a common-mode
injector) configured to realize Space Vector Modulation equivalence and to balance voltages

across levels of the common split-capacitor bank.

In some embodiments, the control circuit is configured to control the switching semiconductor
devices so that corresponding switching semiconductors in each of the switching converter
subcircuits are switched in an interleaved manner. In some of these and in some other

embodiments, the series interface reactors comprise multi-phase-coupled inductors.



WO 2015/108614 PCT/US2014/065741

In some embodiments, the switching converter subcircuits each comprise a neutral-point-
clamped, multi-level, power converter circuit. In other embodiments, each of the switching

converter subcircuits comprises a multi-level, flying capacitor, power converter circuit.

Those skilled in the art will recognize still further embodiments, as well as additional features
and advantages of several of these embodiments, upon reading the following detailed description

and upon viewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
The components in the figures are not necessarily to scale, instead emphasis being placed upon
illustrating the principles of the invention. Moreover, in the figures, like reference numerals

designate corresponding parts. In the drawings:

Figure 1 is a schematic diagram illustrating an example multi-phase, multi-channel power

converter according to some embodiments of the present invention.

Figure 2 is a schematic diagram illustrating details of an example three-phase, three-channel, and

three-level power converter.

Figure 3 illustrates input AC current for an example multi-channel power converter, with

interleaving.

Figure 4 illustrates input AC current for an example multi-channel power converter, without

interleaving.

Figure 5 illustrates DC bus capacitor current for an example multi-channel power converter, with

interleaving.

Figure 6 illustrates DC bus capacitor current for an example multi-channel power converter,

without interleaving.

Figure 7 illustrates the harmonic spectrum of one DC bus capacitor current for an example multi-

channel power converter, with interleaving.
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Figure § illustrates the harmonic spectrum of one DC bus capacitor current for an example multi-

channel power converter, without interleaving.

Figure 9 illustrates an example control circuit, according to some embodiments of the present

invention.
Figure 10 illustrates details of an example zero-sequence generator circuit.
Figure 11 illustrates a multi-channel, multi-level, interleaved converter (MMIC).

Figure 12 illustrates a modular, multi-channel, multi-level, interleaved converter (MMMIC or

M?’IC), comprising multiple ones of the MMIC cells shown in Figure 11.

Figure 13 shows a three-phase, multi-channel, back-to-back ,AC-DC / DC-AC, three-level

interleaved converter.

DETAILED DESCRIPTION
In the claims and discussion that follow, terms such as “first”, “second”, and the like, are used to
differentiate between several similar elements, regions, sections, etc., and are not intended to
imply a particular order or priority unless the context clearly indicates otherwise. Furthermore,
as used herein, the terms “having”, “containing”, “including”, “comprising” and the like are
open-ended terms that indicate the presence of stated elements or features but that do not

e %% <<
a

preclude additional elements or features. Likewise, the use of the singular articles an” and
“the” are not intended to preclude the presence of additional ones of the referenced item. Like

terms refer to like elements throughout the description.

The term “directly coupled” is used in the present disclosure to refer to two nodes or elements
that are electrically coupled to one another in such a way that a DC current may pass from one
node or element to the other. Thus, two nodes may be directly coupled to one another through a
resistive or inductive element. In contrast, the term “directly connected” is used to refer to two
nodes or elements that are electrically connected to one another without any intervening
resistive, inductive, or capacitive elements, except for the inherent resistance of the connecting

wires, traces, or the like.
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Embodiments of the present invention include a multi-channel, multi-level, interleaved, voltage-
source power converter that can be used as an active rectifier or as an inverter. The multilevel
structure enables the converter to reach higher voltage levels, while the interleaving approach
allows the converter to handle higher current levels with significant reductions in the size and
weight of passive components, such as the AC linkage reactors and AC filter, as well as
reductions in DC-bus capacitor current ripple. In some embodiments, the converter structure has
a modular architecture, where each converter subcircuit can be operated at low switching

frequencies that can comfortably ensure low total switching losses.

The reduction of the reactors’ inductances enabled by the presently disclosed converter circuits
will allow a reduction in copper losses, compared with traditional approaches where larger
reactors are needed. The reduction in DC-bus capacitor currents will allow lower capacitor heat
dissipation, extending the lifetime of the capacitors. Moreover, the interleaving approach will
also provide a significantly higher effective carrier frequency, increasing the converter

bandwidth and lowering total harmonic distortion.

Figure 1 illustrates a portion of a three-phase embodiment of a multi-channel, multilevel
interleaved, bi-directional, voltage-source converter 100 according to embodiments of the
present invention. The illustrated structure comprises multiple multi-phase, bi-directional,
multilevel, voltage-source AC-DC converter subcircuits 110, connected in parallel so as to
provide a multi-channel, bi-directional, multi-level configuration. The converter subcircuits 110
are directly coupled to one another and to a three-phase AC interface through series interface
reactors (Lk). The DC sides of the switching converter subcircuits are directly connected to one
another and to a common split-capacitor bank 120 at each of the N multi-level outputs of the
switching converter subcircuits. It will be appreciated that the architecture of the circuit shown
in Figure 1 lends itself to a modular implementation — thus, in some embodiments, each of the

switching converter subcircuits 110 is included in a separate, self-contained module.

Also included in embodiments of the present invention but not shown in Figure 1 is a control
circuit configured to selectively control one or more switching semiconductor devices in each of
the switching converter subcircuits 110. The control circuit in some embodiments is configured

to control the switching semiconductor devices so that corresponding switching semiconductors
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in each of the switching converter subcircuits are switched in an interleaved manner, e.g., in that
the gate control signals for each subcircuit are phase-shifted, relative to the corresponding gate
control signals in the other subcircuits. While this is not essential, controlling the subcircuits in
an interleaved fashion allows for improved performance, e.g., with respect to total harmonic
distortion. The use of interleaved control is shown in Figure 1, which indicates that the pulse-
width-modulated control signals of each converter subcircuit 110 are shifted in phase from its
neighbor by a phase angle of 360°/M, where M is the number of converter subcircuits, i.e., the
number of channels. If M=3, for example, then the switching carrier and the control signals for

each channel are shifted by 120° relative to the channel’s neighbors.

As suggested by Figure 1, embodiments of the presently disclosed AC-DC converter circuit may
include an arbitrary number of multi-level converter subcircuits in parallel, with the subcircuits
each providing an arbitrary number of levels. It should be appreciated that the term “multi-level
converter” is a term of art that indicates that a voltage output is synthesized or an input voltage is
sourced from three or more levels of DC capacitor voltages. Thus, a conventional two-level
converter is not a “multi-level converter” as that term is used herein. Bi-directional, multi-level
converter topologies of several types are known and may be employed in each of the converter
subcircuits shown in Figure 1 — examples include the neutral-point-clamped (NPC) and flying

capacitor types of converters.

The interface reactors can be constructed as single-phase units or multiphase-coupled inductors,
conventional 3-phase reactors, or a combination of 3-phase reactors and common mode 3-phase
reactors. Importantly, the multiple multi-level converter subcircuits are connected at the AC side
through reactors, without the use of isolation transformers. Likewise, the DC sides of all
channels are directly connected to one another and to the common split-capacitor bank. As
discussed in further detail below, this approach provides advantages with respect to size, cost,
and efficiency. While omitting isolation transformers on the AC side creates the potential for
circulating currents among the subcircuits, these circulating currents can be controlled using the
controller circuits and techniques described in further detail below. These control circuits include
controllers configured to control the active and reactive power flow of each of the switching
converter subcircuits using d-axis and g-axis reference voltages, respectively, of a synchronous

reference frame of a reference frequency, and further include a closed-loop zero-sequence
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component controller circuit configured to eliminate circulating current among the switching
converter subcircuits and a zero-sequence duty cycle generator to realize the Space Vector
Modulation equivalence and to balance voltages across levels of the common split-capacitor

bank.

As noted above, each multilevel converter subcircuit can comprise any of several types of
bidirectional, multi-level AC-DC converter circuits, such as a diode neutral-point-clamped
topology or flying capacitor type converter. These converter circuits permit bidirectional power
flow and can be built with semiconductor switches selected according to the voltage- and
current-handling requirements for each subcircuit. The parallel connection of the subcircuits is
done by interconnecting the AC side of each subcircuit through the interface reactors, and by
directly connecting the subcircuits to one another at each level of the multi-level DC interfaces
of the subcircuits. For instance, the DC side interconnection is done by tying the positive
electrical points from each subcircuit to the positive pole of a common split capacitor bank, the
negative electrical points from each subcircuit to the negative pole of the split capacitor bank,
and connecting all the corresponding intermediate levels to intermediate nodes of the split
capacitor bank. Thus, N connection points at the DC bus will be necessary, where N is greater

than two and corresponds to the number of voltage levels of each multilevel converter subcircuit.

An interleaving control mode is utilized such that the corresponding gating signals for each
subcircuit have a phase shift angle ¢ equal to 360°/M relative to one another, where M is the
number of subcircuits. This is done, for example, by using a set of triangle carriers to create gate
control signals for controlling switching devices in each converter subcircuits, where the
corresponding triangle carriers for each subcircuit are delayed with respect to one another by the
phase shift angle ¢. The interleaving of each multi-level converter subcircuit allows support for
higher current levels, allows the weight and volume of the input reactors to be decreased, and
increases the bandwidth of the overall system. In addition, smaller AC filters can be employed,

while still complying with current harmonic and electromagnetic interference standards.

Reductions in input reactor weight and volume are obtained due to the fact that the interleaving
approach will enable significant cancellation of the AC overall current ripple with a smaller

inductance per channel. Even though a higher AC current ripple is allowed per channel, the
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overall ripple is reduced, compared with a single converter or with a multi-channel converter that
does not use interleaving, when using equivalent reactors. Moreover, the fact that multilevel
subcircuits are connected in parallel allows for further reduction of the linkage inductance, since
the instantaneous voltage drops across the inductors, which result from the difference between
the converter and grid voltage, will be smaller, due to the higher number of voltage levels in the

multi-level converters.

Figure 2 provides a more detailed example of a multi-phase, multi-channel, AC-DC power
converter 200 according to embodiments of the present invention. In this example, three three-
level, diode neutral-point-clamped (NPC), voltage-source converter subcircuits 210 are
connected in parallel. The DC sides of the subcircuits 210 are directly connected to one another
and to the common split capacitor bank 220, and the AC sides of the subcircuits 210 are directly
coupled to one another and to a three-phase AC input through series reactors 205. Note that the
DC neutral points are interconnected and connected to the middle point of the capacitor bank
220, which consists of capacitors C1 and C2. The DC-side voltage Vdc spans the capacitor bank
220.

Not shown in Figure 2 is a control circuit that uses a synchronous reference frame control
scheme to control the DC-bus voltage Vdc and the active and reactive power flows through the
pictured converter 200. As will be discussed in further detail below, a control loop is used to
balance the voltages across the DC-bus capacitors C1 and C2, and an additional control loop is
used to eliminate the average zero-sequence current or circulating current among the subcircuits

210.

When a voltage-source converter is connected to an AC grid, a linkage reactor must be used to
control the current between the two voltage sources. The value of the reactor’s inductance will
depend on the power to be transferred, but will also depend upon the ability of the converter to
provide a voltage waveform close to a sine wave, and the number of voltage levels the converter
supports. The converter’s ability to provide a voltage wavetorm that closely mimics a sine wave
is in turn related to the converter’s switching frequency. The higher the switching frequency, the
lower the reactor’s inductance; thus, a high switching frequency is always desired. Similarly, the

higher the number of voltage levels, the lower the value of the linkage reactor.
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For high-power converters, increasing the switching frequency can become impractical, since
serniconductor switching losses will significantly increase. While, the use of a multi-level
structure will reduce the linkage reactance, as compared with a 2-level approach, the required
linkage reactance can be reduced even further if the multiple multi-level subcircuits are operated
in an interleaved manner. By interleaving the control of M converter subcircuits, the effective or
equivalent switching frequency at the AC side is increased by M times the switching frequency
of one subcircuit. The overall current ripple generated at the AC side will be significantly
reduced, due to the phase shift between the ripple components for the multiple subcircuits. Since
a significant portion of the current ripple at the AC common point of connection is expected to
be cancelled, it is possible to reduce the size of the AC linkage reactors for each subcircuit and
allow local higher current ripple. This strategy will allow for reduction of overall weight and
volume on reactors as compared with the case where parallel modules are used without carrier

interleaving or when only one converter and one set of reactors are used.

Figure 3 shows an example of the overall input currents when interleaving three 3-level channels
with an equivalent reactor of 5% of the converter’s base impedance. The total harmonic
distortion (THD) 1s remarkably low, e.g., about 1.574%, without the use of an AC filter. Figure
4, on the other hand, shows the same structure, using the same AC reactors without using
interleaving. In this case, the THD is 5.67%. Note that here the THD is calculated considering

the high frequency spectrurn, in order to have a method of comparison.

Interleaving the carriers used to control the converter subcircuits yields additional advantages at
the DC side of the power converter, where the DC sides of the subcircuits are directly connected
to one another and to a split capacitor bank. The DC-bus capacitor root-mean-square (RMS)
current can be significantly reduced as a result of the interleaving, which will reduce capacitor
heat and the concomitant need for cooling mechanisms, resulting in potentially increased power
density, or reduce the temperature rise and extend the capacitor lifetime. For instance, the RMS
value of the current on one DC-bus capacitor for an example three-level converter is reduced to
less than halt when three three-level converters are interleaved and switched at the same
switching frequency. In addition, the main characteristic current frequency components across

the DC capacitors will be shifted to multiples of the number of interleaving channels M.
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Figures 5 and 6 each show the current across one capacitor of a split capacitor bank when three
three-level NPC chanpels (e.g., as shown in Figure 2), where Figure 5 shows the case with
interleaving and Figure 6 shows the case without interleaving. The RMS current is significantly
reduced with interleaving. Further, the harmonic spectrum is more benign for capacitors’ life and
heat management. Figures 7 and 8 show the harmonic spectrum of the current across one

capacitor with and without interleaving, respectively.

As shown above, the parallel interleaved converter structures disclosed herein can be designed to
operate with high efficiency and with low AC-side and DC-side ripple, while allowing the
reactors’ sizes and cooling efforts to be reduced. In addition, the use of multiple converters
connected in parallel will enable reaching higher current levels and, of course higher power. The
circuit also has a modular structure, which facilitates the development, deployment, and
maintenance of the subcircuits in self-contained modules, providing additional tlexibility in

system design and potentially reducing deployment and maintenance costs.

However, the structures disclosed herein also feature some implementation challenges. For
instance, one shortcoming of paralleling active rectifiers or inverters is the generation of
unwanted circulating cusrent (or cross-currents) among the converters. Two types of currents are
observed: a low frequency circulating current and a high-frequency current. To mitigate the
circulating currents, an isolation transformer can be used for each converter subcircuit (or for all
of the converter subcircuits but one). However, this makes the approach bulkier and more
expensive. Another possible solution is to use separate DC links. However this solution 1s

obviously unviable if only a single DC output is desired.

In embodiments of the present invention, the low frequency circulating current is suppressed by
adding a closed-loop zero-sequence controller to all of the multilevel converter subcircuits
except one (i.e., to M-1 of the subcircuits). These closed-loop zero-sequence controllers
maintain the average circulating current close to zero. The high-frequency circulating current can
be limited by the AC reactors and by the addition of common mode chokes on the AC side,
which are commonly used to reduce common mode noise. The cross-currents can also be
reduced by using coupled inductors. However, the use of coupled inductors is not necessary for

the proper operation of this approach.

10
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In addition to the circulating current challenge, there is another issue that needs to be addressed
when using NPC converters. It is known that NPC converters have an inherent problem with a
possible imbalance of the capacitor voltages in the split capacitor bank. This can result in
overvoltage of one or more of the converter switches. An imbalance means that the split
capacitors might be charged unequally, and can also result in possible deterioration of the input
current quality. In order to resolve this issue, several approaches have been proposed for a single
NPC converter. With the control circuits described herein, however, voltage balancing can be
managed for multiple units connected in parallel while also addressing the issue for bidirectional

power tlow.

Figure 9 illustrates an exarople control circuit 900 for controlling a single one of the # converter
subcircuits 110 in Figure 1 or one of the three subcircuits 210 in Figure 2. As discussed in
further detail below, the illustrated control circuit includes a closed-loop zero-sequence
controller subcircuit that substantially eliminates circulating currents among the modules — this
closed-loop zero-sequence controller can be omitted from the control circuit for one of the M
converter subcircuits in the power converter {e.g., from one of the three subcircuits 210 in the
circuit shown in Figure 2). “Substantially” eliminating circulating currents means that
circulating currents are eliminated for all practical purposes, although incidental ripple and short-
term currents might be observable. For interleaved control of the M converter subcircuits, the
switching carriers, shown as “Carrier 17 and “Carrier 27 in Figure 9, should be phase-shifted

from one converter subcircuit to the next, e.g., by an angle of 360°/M.

The control circuit 900 itlustrated in Figure 9 utilizes proportional-integral (PI) controllers
operating in the dg(} synchronous reference frame. The modulation method is based on a multi-
phase carrier-based pulse width modulation (PWM) equivalent to space vector modulation
(SVM) technique. The generation of a carrier-based SVM-equivalent modulator for a three-level
NPC converter is described in detail by Burgos, R. Lai, Y. Pei, F. Wang, D. Boroyevich, and J.
Pou, “Space vector modulator for Vienna-type rectifiers based on the equivalence between two-
and three-level converters: A carrier-based implementation,” IEEE Trans. Power Electron., vol.
23, 00. 4, pp. 18881898, Jul. 2008 (hereinafter referred to as the “Burgos article”). This

technique, or a similar technique, can be adapted to converters having more than three levels;

11
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here it has been modified for handling bidirectional power flow and for handling multiple

converters in parallel.

As shown in Figure 9, the currents la, Ib, Ic of each converter module (see Figure 2) are
monitored, as are the input voltages Va, Vb, and V¢ and the DC bus voltage Vd.

Representations of Ia, Ib, Ic are converted to dgf) components Id, Ig, Iz in reference frame
converter 910. Id and Iq, corresponding to the real and reactive components of the converter
subcircuit currents, are compared to reference signals derived from the reference bus voltage
Vdc* and a reactive power factor reference QQref™, and pass thru PI controllers 920. 1z is supplied
directly to a PI controller 920. It will be appreciated that the reference for this closed-loop zero-

sequence controller is zero in order to eliminate the circulating currents.

The reference for the current component Id is obtained troro the output of a DC bus voltage
controller 925, which works on an error voltage obtained by subtracting the reference voltage
Vdc* from the measured voltage Vdc. The cutput of the controlier 925 is scaled by a factor that
depends on the numbers of converters in parallel, i.e., by 1/. The reference for the current
component Iq is obtained by converting the reactive power reference Qref* to a reactive current
reference Ig*, and then scaling Ig* by the inverse of the number of converters in parallel, i.e., by

dividing by M. The reference for the current component Iz is zero.

The outputs of the dg0 controllers 920 are converted back to the abc frame (Da, Db, De), with
reference trame converter 940 and amplitied by a scaling factor of 1.154, in order to achieve a
maximum converter gain of the fundamental component equal to | (one). The resulting scaled
signals are added to the zero-sequence duty cycle dz produced by zero-sequence generator 950.
This is necessary to generate the SVM eqguivalence, by guaranteeing the equal distribution of the
zero-states. The scaled signals D’ a.b,c are then compared to switching carriers (Carrier | and
Carrier 2), at comparators to generate gating signals to be applied to the switching elements of

the power converter subcircuit.

Details of the zero-sequence generator circuit 950, which calculates the zero-sequence duty cycle
dz, are shown in Figure 10. The abce duty cycles Da, Db, D¢ are amplified by 1.154 and then a
“floor” of the non-amplified duty cycles (i.e., the results of rounding down Da, Db, Dc to the

nearest integers) is subtracted from the amplified duty cycles to generate a set of modified duty

12
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cycles Da’, Db’, D¢’ . The range of these modified duty cycles is thus [-0.154, 1.154]. The max
and min of these modified duty cycles are calculated and an arithmetic operation is performed as
depicted in Figure 10. Note that this expression is similar to what is described in the Burgos
article referenced above, but with the exception that it i1s not necessary to define a different set of
equations to define dz for duty cycles (Da, Db, Dc) range »0.866 and <-0.086, as described in
the Burgos article. The formulation depicted in Figure 10 is adequate for values of duty cycles

Da, Db, D¢ between [-1,1].

In addition, the value & responsible for the distribution of the zero-states is modified by the
output of the DC bus voltage balancing controller, which forces the voltages Vel and Vc2 from
the split capacitor bank to be equal. Assuming identical converter subcircuits and identical
control operation, the value k should ideally be 0.5 for equal distribution of the zero-states
among the power converter subcircuits. However it is modified around 0.5 by the output of the
DC voltage balancing controller, as shown in Figure 10. This method will ensure balanced
operation of the split capacitor bank and avoid any drifting. Lastly, the logic of the DC bus
voltage balancing controlier is modified by changing the sign of the input errvor according to the
direction of the power flow. This is based on a variable Po, which indicates whether the power
flow is to or from the DC side; the sign of this variable is used to adjust the polarity of the
voltage balancing controller. If the power flows from the AC to the DC side, the error should be
positive when Vel>Vcel, conversely if the power tlows from the DC to the AC side, the error

should be negative when the V1>Vl

With the zero-sequence generator circuit 950 shown in Figure 9, multiple NPC converters can be
controlled in parallel, while maintaining the zerc-sequence (circulating) current near zero and

keeping the DC bus voltage balanced for bidirectional power flow.

It should be understood that the present invention is not limited to the particular circuit
configurations illustrated in Figures 2, 3, 9, and 10. Instead, these configurations should be
understood to be examples of the power converters and corresponding control circuits, where the
power converters include two or more multi-phase, bi-directional, multi-level, AC-DC, switching
converter subcircuits, connected in parallel at respective AC and DC sides, so as to provide a

multi-channel, bi-directional, multi-level configuration. While several of the pictured converter
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circuits include several multi-level, neutral-point-clamped converters, for example, other
subcircuit topologies may be used instead, such as the active neural-point-clamped topology,

topologies using flying capacitors, etc.

Even given a particular topology for the converter subcircuits, several variations of the illustrated
circuits are possible. For example, the converter subcircuits may be realized using IGCTs, MV

SiC IGBTs, MV SiC MOSFETs, GaN devices, or LV Si MOSFETs, in various embodiments.

Further, the illustrated circuits can be extended to provide further levels of parallelism. Thus, for
example, a multi-channel, multi-level, interleaved converter (MMIC) can be developed as a basic
cell, as shown in Figure 11. As shown in Figure 12, this cell can be connected in parallel with
other identical cells, thus producing a modular, multi-channel, multi-level, interleaved converter
(MMMIC or M3IC). In some of these configurations, an offset ot may be applied to the

interleaving angles between the modules.

Another extension of the disclosed embodiments is to use two of the disclosed AC-DC converter
circuits to realize a back-to-back, multi-phase AC-to-AC converter with bidirectional power flow
control and a multi-channel, multi-level, interleaved structure. An example of this embodiment
of the present invention is shown in Figure 13, where two of the converter circuits 200 shown in
Figure 2 are connected in a back-to-back arrangement to form a three-channel, three-level, three-

phase, AC-AC converter connected between a wind generator and an AC grid.

Several advantages of various emnbodiments of the circuits and technigues disclosed herein lie on
the ability of the converter structure to reach higher current ratings and higher bandwidth than
traditional grid tie converters, while maintaining high efficiency. The multi-channel, multi-level
interleaved approaches described here can be used to provide a power electronics converter
featuring higher power density than conventional approaches, enabling the utilization of these
structures in areas where footprint and weight are of great concern. The topology will enable
reduced weight and size by reducing the size of its AC linkage reactors, AC filter and DC bus

capacitor.

In general, high-current converters are limited by the thermal limits of each semiconductor,

which in turn limit its switching speed capabilities. Typically, high-current semiconductor
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devices operate at switching frequencies below 1 kHz, which necessitates the use of large AC
linkage reactors. To maintain high efficiency, high-current converters must operate at Jow
switching frequencies, and usually use pre-programmed switching patterns that limit their
dynamic response. The circuits described herein allow higher current levels to be reached
without a significant increase in the size of the AC reactors, while also maintaining high
efficiency and improving the dynamic response. The AC linkage reactor sizes and AC filter are
reduced as a result of the increased effective carrier frequency seen at the AC side, while the DC
bus capacitor can be reduced as a result of the reduction in DC capacitor current ripple obtained

by interleaving.

Since the net AC current ripple in the described circuits will be smaller and its frequency will be
larger (M times the per-subcircuit switching frequency), the corner frequency of a filter
necessary to eliminate the switching frequency can be located at a much larger value, therefore
allowing the reduction of the size of its inductor or capacitor. At the same time, better
performance as far as electromagnetic interference will be easier to attain. In grid-tie
applications, where bulky and costly AC filters and reactors are typically needed, compliance
with the harmonic requirements imposed by standards such as IEEE 519 and IEC 61000 can be
achieved while using much smaller AC filters and reactors. In summary, the circuits disclosed
herein will allow reaching higher current levels, while maintaining high efficiency and

increasing the bandwidth of high-power converters.

Several inventive technigues and circuits have been disclosed above. It will be appreciated that
these technigues and circuits may be combined with one another, depending on the application
requirements. With the above-described circuits, systems, methods, and other variations and
extensions in mind, those skilled in the art will appreciate that the foregoing description and the
accornpanying drawings represent non-limiting exarmples of the systerns and apparatus taught
herein. Accordingly, the present invention is not limited by the foregoing description and
accompanying drawings. Particular embodiments of the invention are described by the following

claims.
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CLAIMS

What is claimed is:

1. A multi-phase power converter, comprising:
two or more multi-phase, bi-directional, multi-level, switching power converter
subcircuits, connected in parallel at respective AC and DC sides, so as to provide
a multi-channel, bi-directional, multi-level configuration; and
a control circuit configured to selectively control one or more switching semiconductor
devices in each of the switching converter subcircuits;
wherein the AC sides of the switching converter subcircuits are directly coupled to one another
and to a multi-phase AC input via series interface reactors, and wherein the DC sides of the
switching converter subcircuits are directly connected to one another and to a common split-

capacitor bank at each level of multi-level outputs of the switching converter subcircuits.

2. The power converter of claim 1, wherein the control circuit is configured to control the
switching semiconductor devices so that corresponding switching semiconductors in each of the

switching converter subcircuits are switched in an interleaved manner.

3. The power converter of claim 1, wherein the series interface reactors comprise multi-phase-

coupled inductors.

4. The power converter of claim 1, wherein each of the switching converter subcircuits

comprises a neutral-point-clamped, multi-level, power converter circuit.

5. The power converter of claim 1, wherein each of the switching converter subcircuits

comprises a multi-level, flying capacitor, power converter circuit.

6. The power converter of claim 1, wherein the control circuit comprises controller circuits
configured to control the active and reactive power flow of each of the switching converter
subcircuits using d-axis and g-axis reference voltages, respectively, of a synchronous reference
frame of a reference frequency, and wherein the control circuit further comprises a closed-loop

zero-sequence component controller configured to substantially eliminate circulating current
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among the switching converter subcircuits and a zero-sequence generator or common-mode
injection block to realize Space Vector Modulation equivalence and to balance voltages across

levels of the common split-capacitor bank.

7. The power converter of claim 1, wherein each of the switching converter subcircuits is

included in a separate, self-contained module.
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