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There is described a power converter for transforming electrical power between direct current (DC) power and alternating current
(AC) power. The power converter has a first stage comprising a first branch having a first pair of series-connected switches, a
second branch having a second pair of series-connected switches, and a capacitor connected between the first and second
branches; a second stage comprising a third branch having a first plurality of series-connected switches, a fourth branch having a
second plurality of series-connected switches, and a plurality of capacitors connected between the third and fourth branches at
respective connection points located between intermediate switches of the first and second pluralities of series-connected
switches; and a connection branch coupling the first stage and the second stage.
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(57) Abstract: There is described a power converter for transforming electrical power between direct current (DC) power and alternating
current (AC) power. The power converter has a first stage comprising a first branch having a first pair of series-connected switches, a
second branch having a second pair of series-connected switches, and a capacitor connected between the first and second branches; a
second stage comprising a third branch having a first plurality of series-connected switches, a fourth branch having a second plurality
of series-connected switches, and a plurality of capacitors connected between the third and fourth branches at respective connection
points located between intermediate switches of the first and second pluralities of series-connected switches; and a connection branch

coupling the first stage and the second stage.

[Continued on next page]



CA 03228134 2024-01-11

WO 2023/283725 A [IN 1) 00 000000 VA0 O

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))
— in black and white; the international application as filed

contained color or greyscale and is available for download
Jrom PATENTSCOPE



CA 03228134 2024-01-11

A MULTILEVEL ELECTRIC POWER CONVERTER
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of United States Provisional Patent
Application No. 63/220,697 filed on July 12, 2021.

TECHNICAL FIELD

[0002] The present disclosure relates generally to the field of power converters, and more
particularly to multilevel power converters.

BACKGROUND

[0003] Voltage source inverters (VSIs) have become a dominant power electronics
converter in various industrial applications. VSIs are used in a number of applications,
including multilevel converters, which can offer improved power quality and voltage stress
reduction. In particular, modular multilevel converters (MMCs) have been used in industry
due to ease of repair and maintenance, since damaged modules can easily be fixed or
replaced.

[0004] A traditional MMC design is composed of multiple sub-modules, which typically rely
on two-level converters of various types. However, many existing MMC designs are limited
in their applicability, require components having high tolerances, or produce outputs which
are of limited fidelity. In some cases, achieving higher quality output waveforms requires the
number of submodules in the design to be increased. This in turn can result in higher power
losses, lower reliability, higher complexity in voltage balancing, increased sensors and

component complexity.
[0005] As aresult, improvements remain desirable.

SUMMARY

[0006] In accordance with one aspect, there is provided a power converter for
transforming electrical power between direct current (DC) power and alternating current (AC)
power, comprising a first stage comprising a first branch having a first pair of series-

Date Recue/Date Received 2024-01-11
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connected switches, a second branch having a second pair of series-connected switches,
and a capacitor connected between the first and second branches, a second stage
comprising a third branch having a first plurality of series-connected switches, a fourth
branch having a second plurality of series-connected switches, and a plurality of capacitors
connected between the third and fourth branches at respective connection points located
between intermediate switches of the first and second pluralities of series-connected
switches, and a connection branch coupling the first stage and the second stage.

[0007] In some embodiments, the first plurality of series-connected switches comprises a
first group of three switches, wherein the second plurality of series-connected switches
comprises a second group of three switches, and the plurality of capacitors comprises first
and second capacitors. The first capacitor is connected between a first switch and a second
switch of the first group of three switches and between a first switch and a second switch of
the second group of three switches, and the second capacitor is connected between the
second switch and a third switch of the first group of three switches and between the second
switch and a third switch of the second group of three switches.

[0008] In some embodiments, the first plurality of series-connected switches comprises a
first group of N switches, the second plurality of series-connected switches comprises a
second group of N switches, and the plurality of capacitors comprises N-7 capacitors.

[0009] In some embodiments, each of the first pair and the second pair of series-
connected switches comprises a first switch and a second switch, and a DC source is
connectable to a first node connected to the second switch of the first pair of series-
connected switches and to a second node connected to the second switch of the second
pair of series-connected switches, the second node being a neutral point of the power
converter.

[0010] In some embodiments, an AC load is connectable to the second node and to a
common node connecting the first switch of the first group of three switches and the first
switch of the second group of three switches.
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[0011] In some embodiments, the connection branch is connected between a first
common node and a second common node, the first common node connecting the first
switch of the first pair of series-connected switches and the first switch of the second pair of
series-connected switches, and the second common node connecting the third switch of the
first group of three switches and the third switch of the second group of three switches.

[0012] In some embodiments, each of the first pair and the second pair of series-
connected switches comprises a first switch and a second switch, and a DC load is
connectable to a first node connected to the second switch of the first pair of series-
connected switches and to a second node connected to the second switch of the second
pair of series-connected switches, the second node being a neutral point of the power
converter.

[0013] In some embodiments, an AC source is connectable to the second node and to a
common node connecting the first switch of the first group of three switches and the first
switch of the second group of three switches.

[0014] In some embodiments, the first pair of series-connected switches is configured to
operate complementarily with the second pair of series-connected switches, and the first
plurality of series-connected switches is configured to operate complementarily with the
second plurality of series-connected switches for defining a plurality of distinct switching
states producing different voltage levels at an output of the power converter.

[0015] In some embodiments, the first and the second pair of series-connected, and the
first and the second plurality of series-connected switches are configured to operate for
defining twenty-six switching states producing nine voltage levels at the output of the power
converter.

[00186] In accordance with another aspect, there is provided a three-phase power
converter for transforming electrical power between direct current (DC) power and
alternating current (AC) power, comprising first, second, and third power converters, the first,
second, and third power converters are connected to a first common node connectable to a
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DC system, to a second common node as a neutral point of the three-phase converter, and
to a third common node connectable to an AC system.

[0017] In some embodiments, for each of the first, second, and third power converters,
the first plurality of series-connected switches comprises a first group of at least three
switches, the second plurality of series-connected switches comprises a second group of at
least three switches, and each capacitor of the plurality of capacitors is connected between a
pair of adjacent switches of the first group of switches and a corresponding pair of adjacent
switches of the second group of switches.

[0018] In some embodiments, the first common node is connectable to the DC system

comprising a DC source.

[0019] In some embodiments, the third common node is connectable to the AC system
comprising three AC load elements, each AC load element associated with a respective
phase and connected to a respective one of the first, second, and third power converters.

[0020] In some embodiments, for each of the first, second, and third power converters,
the first plurality of series-connected switches comprises a first group of three switches and
the second plurality of series-connected switches comprises a second group three switches.

[0021] In some embodiments, for each of the first, second, and third power converters,
the first plurality of series-connected switches comprises a first group of more than three
switches and the second plurality of series-connected switches comprises a second group of
more than three switches.

[0022] In some embodiments, for each of the first, second, and third power converters,
the second stage comprises a half-bridge inverter connected to a switching cell, the half-
bridge inverter comprising a first switch of the first group of switches, a first switch of the
second group of switches, and a first capacitor of the plurality of capacitors connected
therebetween, and the switching cell comprising a second and a third switch of the first
group of switches, a second and a third switch of the second group of switches, and an
intermediate branch therebetween, the intermediate branch comprising remaining ones of
the plurality of capacitors and a pair of bidirectional switches.
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[0023] In some embodiments, the switching cell is connected to the half-bridge inverter
with the third branch and the fourth branch each connecting to the half-bridge inverter on
opposing terminals of the first capacitor.

[0024] In some embodiments, the intermediate branch comprises a capacitor branch
formed by a second capacitor and a third capacitor of the plurality of capacitors, the
capacitor branch connected between the third branch and the fourth branch at points located
between the second and the third switch of the first group of switches and between the
second and the third switch of the second group of switches.

[0025] In some embodiments, the bidirectional switches of the intermediate branch are
connected between the capacitor branch and the third and fourth branch to divide the
second capacitor and the third capacitor of the capacitor branch.

[0026] Many further features and combinations thereof concerning embodiments
described herein will appear to those skilled in the art following a reading of the instant
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] In the figures:
[0028] FIG. 1 illustrates an example power converter topology.

[0029] FIGS. 2A-2Z illustrate example charging states of the power converter topology of
FIG. 1.

[0030] FIG. 3 illustrates an example three-phase power converter topology.
[0031] FIG. 4 illustrates an example expandable three-phase power converter topology.
[0032] FIG. 5A illustrates an example three-phrase power converter topology.

[0033] FIG. 5B illustrates an example hybrid packed E-cell converter topology.
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[0034] FIGS. 6A-6D illustrate example simulation results for the capacitors of the three-
phase power converter topology of FIG. 3.

[0035] FIGS. 7A-7H illustrate example simulation results for the outputs of the three-
phase power converter topology of FIG. 3.

[0036] FIGS. 8A-8C illustrate example simulation results for the three-phase power
converter topology of FIG. 3 during startup conditions.

[0037] FIGS. 9A-9C illustrate example simulation results for the three-phase power
converter topology of FIG. 3 during power supply voltage variation conditions.

[0038] FIGS. 10A-10D illustrate example simulation results for the three-phase power
converter topology of FIG. 3 during output load variation conditions.

[0039] FIGS. 11A-11D illustrate example simulation results for the three-phase power
converter topology of FIG. 3 during varying operational conditions.

[0040] It will be noted that throughout the appended drawings, like features are identified
by like reference numerals.

DETAILED DESCRIPTION

[0041] The present disclosure relates to power converters, having applications which
include converting alternating current (AC) electrical power to direct current (DC) electrical
power, and vice-versa. In at least some embodiments, there is provided a power converter
composed of connected U-cells in two stages powered by a single DC power supply: the first
stage includes a U-cell supplied by the single DC source and the second stage is a hybrid
packed U-cell (PUC) that defines an AC output terminal. In at least some embodiments,
there is provided a single DC-source, three-phase, nine-level power converter topology
using active capacitor voltage balancing. The three-phase nine-level power converter
topology is referred to herein as a UPUC topology. The UPUC topology comprises a number
of auxiliary capacitors, which are actively balanced using redundant switching states

irrespective of current direction. In some embodiments, the aforementioned second stage
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may be expandable by increasing the number of components in the second stage, which
may increase the number of stepped voltage levels that the UPUC topology can generate.

[0042] With reference to FIG. 1, a power converter implementing the UPUC topology is
illustrated (referred to hereinafter as UPUC converter 100). The UPUC converter 100
comprises two stages connected by a connection branch 102. The first stage is composed of
a U-cell 110, which includes a first branch 112, containing two series-connected switches S,
Sy, a second branch 114 containing two series-connected switches Se, S7, and a capacitor
116 connected between the two branches 112, 114. The U-cell 110 also defines a node 118
at which a DC source 130 may be coupled; the DC source 130 may also be coupled to a
node 132 (i.e. a neutral point for the UPUC converter 100). The second stage is composed
of a hybrid PUC 120, which includes a first branch 122, containing a number of series-
connected switches Sz, S4, 85, a second branch 124 containing a number of series-
connected switches Sg, Sg, S10, and a number of capacitors 126 connected between the two
branches 122, 124. In the example of FIG. 1, the branches 122, 124 of the hybrid PUC 120
include three switches each, and the hybrid PUC 120 includes two capacitors 126; however,
as will be described in greater detail herein below, the hybrid PUC 120 may be expanded to
include additional switches and capacitors. The hybrid PUC 120 also defines a node 128 at
which an AC load 140 may be coupled, which itself may be coupled to the node 132. It
should be noted that although the UPUC converter 100 illustrated in FIG. 1 is coupled to a
DC source 130 and to an AC load 140, and thus being used to convert DC power into AC
power, the UPUC converter 100 can also be used to convert AC power into DC power, for
instance by applying an AC source to the node 128 and a DC load to the node 118.

[0043] In the U-cell 110, the switches S; and S; of the branch 112 operate
complementarily with the switches Ss and S; of the branch 114; that is to say, when one
switch of the branch 112 is active, the corresponding switch of the branch 114 is not active.
For example, the switch S1 of the branch 112 is active when the switch Sg of the branch 114
is not active, and vice-versa. Similarly, in the hybrid PUC 120, the switches Sz, S4, S5 of the
branch 122 operate complementarily with the switches Sg, Sg, S10 of the branch 124. The
complementary switching behaviour of the switches $1-8S1¢ of the UPUC converter 100
defines thirty-two (32) distinct switching states. However, some of the switching states may
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define redundant or undesirable voltage levels; as a result, in some embodiments, the UPUC
converter 100 is operated to produce twenty-six (26) switching states, with the switching
states defining different voltage levels produced at the node 128 for the AC load 140.

[0044] With additional reference to FIGS. 2A-2Z and Table 1, the twenty-six (26) switching
states for the UPUC converter 100 are illustrated. The switching states define a conduction
path for AC power provided to the AC load 140 at the node 128 based on the DC power
provided by the DC source 130 at the node 118. In Table 1, values for control signals used
to control the operation of switches S-S5 (of the branches 112, 122) are presented; since
switches Se-S10 (0f the branches 114, 124) are operated complementarily with switches Si-
Ss, the control signals used to control the operation of the switches Sg-S1p are the logical
inverse of those used for switches S4-Ss. The switching states are used to produce
seventeen (17) different voltage levels at the node 128, ranging between -V, to +V,., For
instance, the wvoltage values produced at the node 128 may include: -V,

—7Vdc/8 , _3Vdc/4 , _5Vdc/8 , _1VdC/2 , _3Vdc/8 , —1Vdc/4 , —1Vdc/8 , 0' +1Vdc/8 , +1Vdc/4’ +3Vdc/8,

+1VdC/2 , +5Vdc/8 , +3VdC/4 , +7Vdc/8 , +Vdc-

Switching State S: S» S; Ss Ss (;’t‘frf;“:‘xggﬁgzg)
1 (FIG. 2A) o 0 0 0 O Vout = 0
2 (FIG. 28B) o 0 1 1 1 Vout = 0
3 (FIG. 2C) o 0 0 0 1 Vout = +Veo/8
4 (FIG. 2D) o 0 0 1 0 Vout = +Ved/8
5 (FIG. 2E) o 0 0 1 1 Vout = +2Vao/8
6 (FIG. 2F) o 1 1 0 0 Vout = +2Vao/8
7 (FIG. 2G) 1 0 1 0 o0 Vout = +2Veo/8
8 (FIG. 2H) o 1 1 0 1 Vou = +3Vae/8
9 (FIG. 21) o 1 1 1 o0 Vout = +3Vao/8
10FG2) 1 0 1 0 1 Vout = +3Vao/8
MEFIG2K 1 0 1 1 0 Vout = +3Vao/8
12(FIG.2L) 0 1 0 0 O Vout = +4Vgo/8
13CFIG.2M) 0 1 1 1 1 Vout = +4Vao/8
14(FIG.2N) 1 0 0 0 0 Vout = +4Vgo/8
15FIG.20) 1 0 1 1 1 Vout = +4Vgo/8
16FIG2P) 0 1 0 0 1 Vout = +5Vao/8
17(FIG.2Q) 0 1 0 1 0 Vout = +5Vao/8
18(FIG.2R) 1 0 0 0 1 Veut = +5Va/8
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19 (FIG. 25) 1 0 0 1 0] Vout = +5Vq./8
20 (FIG. 2T) 0 1 0 1 1 Vout = +6Vy/8
21 (FIG. 2U) 1 0 0 1 1 Vout = +6Vy./8
22 (FIG. 2V) 1 1 1 0 0 Vout = +6Vuc/8
23 (FIG. 2W) 1 1 1 0 1 Vout = +7Vqc/8
24 (FIG. 2X) 1 1 1 1 0 Vout = +7Vy/8
25 (FIG. 2Y) 1 1 0 0 0 Vout = +8Vy./8
26 (FIG. 22) 1 1 1 1 1 Vout = +8Vu./8
Table 1 - Switching States for FIGS. 2A-2Z
[0045] Depending on the switching state of the UPUC converter 100, the capacitors 116,

126 may be charging, discharging, or maintaining an existing state of charge. The UPUC
converter 100 may be controlled to maintain a particular level of voltage balancing for the
capacitors 116, 126. In Table 2, the charging/discharging state of the capacitors 116, 126 is
presented, with the capacitor 116 labeled C+, and the capacitors 126 labelled as C; and Ca.

Switching S1 82 83 S84 Ss C1 State C. State C; State
State

1 (FIG. 2A) 0] ¢] 0 0 ¢] Neutral Neutral Neutral

2 (FIG. 2B) 0 4] 1 1 1 Neutral Neutral Neutral

3 (FIG. 20C) 0 4] 0 0 1 Neutral Neutral Discharging
4 (FIG. 2D) 0 4] 0 1 ¢] Neutral Discharging Charging
5 (FIG. 2E) 0 ¢] 0 1 1 Neutral Discharging Neutral

6 (FIG. 2F) 0] 1 1 0 ¢] Discharging Charging Neutral

7 (FIG. 2G) 1 ¢] 1 0 ¢] Charging Charging Neutral

8 (FIG. 2H) 0 1 1 0 1 Discharging Charging Discharging

9 (FIG. 2)) 0 1 1 1 ¢] Discharging Neutral Charging
10 (FIG. 2J) 1 4] 1 0 1 Charging Charging Discharging
11 (FIG. 2K) 1 4] 1 1 ¢] Charging Neutral Charging
12 (FIG. 2L) 0 1 0 0 ¢] Discharging Neutral Neutral
13 (FIG. 2M) 0 1 1 1 1 Discharging Neutral Neutral
14 (FIG. 2N) 1 0 0 0 0 Charging Neutral Neutral
15 (FIG. 20) 1 0 1 1 1 Charging Neutral Neutral
16 (FIG. 2P) 0 1 0 0 1 Discharging Neutral Discharging
17 (FIG. 2Q) 0 1 0 1 0] Discharging Discharging Charging
18 (FIG. 2R) 1 0 0 0 1 Charging Neutral Discharging
19 (FIG. 28) 1 0 0 1 0 Charging Discharging Charging
20 (FIG. 2T) 0 1 0 1 1 Discharging Discharging Neutral
21 (FIG. 2U) 1 0 0 1 1 Charging Discharging Neutral
22 (FIG. 2V) 1 1 1 0 0 Neutral Charging Neutral
23 (FIG. 2W) 1 1 1 0 1 Neutral Charging Discharging
24 (FIG. 2X) 1 1 1 1 0 Neutral Neutral Charging
25 (FIG. 2Y) 1 1 0 0 0 Neutral Neutral Neutral
26 (FIG. 22) 1 1 1 1 1 Neutral Neutral Neutral
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Table 2 - Capacitor States for FIGS. 2A-2Z

[00468] Given the switching states of the UPUC converter 100, redundant states may be
used for charging and/or for discharging the capacitors 116, 126, thereby allowing for
regulation of capacitor voltages. For example, the capacitors 116, 126 are not used to
produce the +V,. and 0 voltage levels, and are used for producing the voltage levels

ilngf/l,r,i?’VdC/S,J—FIV"“/Z,J—FSV"“/B,ig’V”lC/L,r,ir]VdC/g. The choice of switching states, and

the control signals used to produce the switching states, may be selected to provide voltage
balancing for the capacitors 116, 126.

[0047] In Table 3, the six unused switching states for the UPUC converter 100—i.e., the
six states which are not presented in FIGS. 2A-2Z and are not used as part of producing the

nine voltage levels—are presented.

oo 81 82 83 84 Ss Output Voltage Cq C2 Cs
SV\gtt:?éng (at the node
128)

1 0O o0 1 0 O Vout = -Vuc/8 Neutral Discharging Neutral

2 0O o0 1 o 1 Vout = -Vuc/8 Neutral Discharging Discharging
3 0O o0 1 1 0 Vout = -Vu/8 Neutral Neutral Discharging
4 1 1 0 0 1 Vout = -9V4c/8 Neutral Neutral Charging
5 1 1 0 1 0 Vout = -9V4c/8 Neutral Charging Charging
6 1 1 0 1 1 Vout = -10Vqc/8 Neutral Charging Neutral

Table 3 - Unused Switching States for UPUC Converter 100

[0048] With reference to FIG. 3, a three-phase UPUC converter 300 is illustrated. In the
example of FIG. 3, the three-phase UPUC converter 300 is illustrated as being used to
convert DC power from a DC source 340 into AC power for an AC load 350. It should be
noted, however, that the three-phase UPUC converter 300 can also be used to convert AC
power into DC power, and thus that the three-phase UPUC converter 300 can be
connectable to any suitable DC system and to any suitable AC system in order to

appropriately convert between DC power and AC power.

[0049] The three-phase UPUC converter 300 is composed of three copies of the UPUC
converter 100, denoted as UPUC converters 310, 320, 330. The UPUC converters 310, 320,
330 are connected to the DC source 340 via a common node 302, which connects the
branches 112 of the U-cells 110 of the UPUC converters 310, 320, 330 to the DC source

10
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340. It should be noted that the DC source 340 is connected to the three UPUC converters
310, 320, 330; it is not required for the UPUC converters 310, 320, 330 to be provided with
individual DC sources. The UPUC converters 310, 320, 330 are also connected to a neutral
point 305 of the three-phase converter via a common node 304, which connects the
branches 114 of the U-cells 110 of the UPUC converters 310, 320, 330 to the neutral point
305 of the three-phase converter.

[0050] The AC load 350 is composed of three load elements 352, 354, 356, each
associated with a respective phase, and are each connected to a respective one of the
UPUC converters 310, 320, 330. The load element 352 is connected to the UPUC converter
310 at the node 128 of the UPUC converter 310; similarly, the load elements 354 and 356
are connected at the nodes 128 of the UPUC converters 320, 330. The load elements 352,
354, 356 may also be coupled together at a node 358, which may be connected to a ground,
for instance.

[0051] In operation, the three-phase UPUC converter 300 may be coupled to the DC
source 340 and to the three-phase load 350 (though the three-phase UPUC converter may
be coupled to any suitable DC and AC systems, as appropriate). Control signals are
provided to the switches of the UPUC converters 310, 320, 330, for instance by a controller,
which causes the UPUC converters 310, 320, 330 to assume different ones of the switching
states presented in FIGS. 2A-2Z. For example, the UPUC converters 310, 320, 330 are
controlled to produce three-phase AC power at respective nodes 128 thereof (labeled A, B,
C respectively), which is thus provided to the load elements 352, 354, 356 of the AC load
350.

[0052] With reference to FIG. 4, an expandable three-phase UPUC converter 400 is
illustrated. In the example of FIG. 4, the expandable three-phase UPUC converter 400 is
illustrated as being used to convert DC power from a DC source 440 into AC power for an
AC load 450. It should be noted, however, that the expandable three-phase UPUC converter
400 can also be used to convert AC power into DC power.

[0053] The expandable three-phase UPUC converter 400 is composed of three
expandable UPUC converters 410, 420, 430, which are modified from the UPUC converter
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100. The expandable UPUC converters 410, 420, 430 are also composed of two stages: the
U-cell 110 of the UPUC converter 100, and an expandable version of the hybrid PUC 120.
The expandable hybrid PUCs, denoted at 412, 422, 432, are composed of two branches of
series-connected switches and capacitors connected between the two branches. By virtue of
being expandable, the expandable hybrid PUCs 412, 422, 432 may include more than three
switches per branch, and more than two capacitors. For instance, an embodiment of the
expandable hybrid PUCs 412, 422, 432 may include four switches per branch and three
capacitors. The generalized relationship between the number of switches per branch to the
number of capacitors is defined as ¢ =S — 1, where C is the number of capacitors per
expandable hybrid PUC, and S is the number of switches per branch per expandable hybrid
PUC. The expandable three-phase UPUC converter 400 may be controlled in similar fashion
as the three-phase UPUC converter 300, with additional control signals being provided to the
additional switches of the expandable hybrid PUCs 412, 422, 432. The expandable three-
phase UPUC converter 400 may be controlled to produce additional discrete voltage levels
than the seventeen (17) voltage levels which are produced by the three-phase UPUC
converter 300.

[0054] The expandable UPUC converters 410, 420, 430 are connected to the DC source
440 via a common node 402, which connects the branches 112 of the U-cells 110 of the
UPUC converters 410, 420, 430 to the DC source 440. It should be noted that the DC source
440 is connected to the three UPUC converters 410, 420, 430; it is not required for the
UPUC converters 410, 420, 430 to be provided with individual DC sources. The UPUC
converters 410, 420, 430 are also connected to a neutral point 405 of the three-phase
converter via a common node 404, which connects the branches 114 of the U-cells 110 of
the UPUC converters 410, 420, 430 to the neutral point 405 of the three-phase converter.

[0055] The AC load 450 is composed of three load elements 452, 454, 456, each
associated with a respective phase, and are each connected to a respective one of the
UPUC converters 410, 420, 430. The load element 452 is connected to the UPUC converter
410 at a node 414 of the UPUC converter 410; similarly, the load elements 454 and 456 are
connected at the nodes 424 and 434, respectively, of the UPUC converters 420, 430. The
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load elements 452, 454, 456 may also be coupled together at a node 458, which may be

connected to a ground, for instance.

[0056] With reference to FIG. 5A, an alternative three-phase converter, termed a three-
phase UPEC converter 500, is illustrated. In the example of FIG. 5, the three-phase UPEC
converter 500 is illustrated as being used to convert DC power from a DC source 540 into
AC power for an AC load 550. It should be noted, however, that the three-phase UPEC
converter 500 can also be used to convert AC power into DC power. The three-phase UPEC
converter 500 is composed of three UPEC converters 510, 520, 530, which are modified
from the UPUC converter 100. The expandable UPEC converters 510, 520, 530 are also
composed of two stages: the U-cell 110 of the UPUC converter 100, and an alternative to
the hybrid PUC 120, referred to as a hybrid packed E-cell (PEC). The three-phase UPEC
converter 500 may be controlled to produce additional discrete voltage levels than the nine
(9) voltage levels which are produced by the three-phase UPUC converter 300.

[0057] With additional reference to FIG. 5B, a close-up view of the hybrid PEC 512 is
presented. Although the foregoing disclosure relates to the hybrid PEC 512, it should be
understood that the hybrid PECs 522, 532, are substantially identical to the hybrid PEC 512.
The hybrid PEC 512 is composed of a half-bridge inverter 560 and a switching cell 570. The
half-bridge inverter 560 is composed of two switches 562, 564, and a capacitor 566
connected there between. The switching cell 570 includes two branches 580, 590,
capacitors 572, 574, and an intermediate branch 576. The switching cell 570 is connected to
the half-bridge inverter 560 such that the two branches 580, 590 each connect to the half-
bridge inverter 560 on opposing terminals of the capacitor 566.

[0058] The branch 580 is formed of switches 582, 584, and the branch 590 is formed of
switches 592, 594. The capacitors 572, 574 form a capacitor branch 575 which is connected
between the first and second branches 580, 590, connecting thereto at points located
between the switches 582 and 584 and between the switches 592 and 594. The
intermediate branch 576 is composed of bidirectional switches 578, which can be connected
in a common-source configuration, in a common-drain configuration, or in any other suitable
fashion. For example, the bidirectional switches 578 can be connected so that the source of
a first one of the bidirectional switches 578 is connected to the source of a second one of the
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bidirectional switches 578. The intermediate branch 576 that is composed of the bidirectional
switches 578 is connected between the capacitor branch 5§75 and the branches 580, 590 to
divide the capacitors 572, 574 of the capacitor branch 575. As a result, the capacitors 572,
574 are split and can allow the hybrid PEC 512 to provide a broader range of DC voltages,
leading to more voltage levels at the node 514.

[0059] With continued reference to FIG. 5A, the UPEC converters 510, 520, 530 are
connected to the DC source 540 via a common node 502, and to the neutral node 505 of the
three-phase converter via a common node 504. It should be noted that the DC source 540 is
connected to the three UPEC converters 510, 520, 530; it is not required for the UPEC
converters 510, 520, 530 to be provided with individual DC sources. The AC load 550 is
composed of three load elements 552, 554, 556, each associated with a respective phase,
and are each connected to a respective one of the UPEC converters 510, 520, 530. The
load element 552 is connected to the UPEC converter 510 at a node 514 of the UPEC
converter 510; similarly, the load elements 554 and 556 are connected at the nodes 524 and
534, respectively, of the UPUC converters 520, 530. The load elements 552, 554, 556 may
also be coupled together at a node 558, which may be connected to a ground, for instance.

[0060] With reference to FIGS. 6A-6D, simulation results for the three-phase UPUC
converter 300 under standard operating conditions are presented. In FIG. 6A, the voltage of
the DC source 340 is presented in graph 612. Graphs 614, 616, 618 present the voltages
across the capacitors 116, 126 of each of the UPUC converters 310, 320, 330 of the three-
phase UPUC converter 300. Graph 614 indicates that the voltage of the capacitors 116 of
the UPUC converters 310, 320, 330 is set to one half of the voltage of the DC source 340.
Graphs 616, 618 indicate that the voltages of the capacitors 126 of the UPUC converters
310, 320, 330, are set to one quarter and one eighth of the voltage of the DC source 340.

[0061] In FIG. 6B, the voltages of the DC source 340 and the capacitors 116, 126 over a
short time interval of 0.1 seconds are illustrated in graphs 622, 624, 626, 628. Graph 622
illustrates the voltage of the DC source 340, which is substantially flat. Graph 624 illustrates
the voltages of the capacitors 116 of the UPUC converters 310, 320, 330, and graphs 626,
628 illustrate the voltages of the capacitors 126. In the illustrated embodiment, it can be
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observed that voltage ripples for the capacitors 116, 126 are not substantive, and that the
voltages of the capacitors are balanced between charging and discharging states.

[0062] In FIG. 6C, currents for the DC source 340 and the capacitors 116, 126 are
presented. Graph 632 illustrates the current of the DC source 340, and graphs 634, 636, 638
illustrate the overall currents of the capacitors 116, 126. In FIG. 6D, the currents of the DC
source 340 and the capacitors 116, 126 over a short time interval of 0.1 seconds are
illustrated: graph 642 illustrates the current of the DC source 340, and graphs 644 illustrate
the current in the capacitors of the UPUC converters 310, 320, 330. The changes in current
values in graphs 644 illustrate the switching of the switches of the UPUC converters 310,
320, 330.

[0063] WIith reference to FIGS. 7A-7H, simulation results of output voltages and currents
produced by the three-phase UPUC converter 300 are presented. In FIG. 7A, the output
voltages at nodes 128 of the UPUC converters 310, 320, 330 are shown in graphs 712, 714,
716, respectively. In FIG. 7B, the magnitude of harmonic frequencies of the output voltages
at nodes 128 of the UPUC converters 310, 320, 330 are shown in graphs 722, 724, 726,
respectively. In FIG. 7C, the line voltages, which are measured between the converter
phases (between points A and B, points B and C, points A and C), and are provided to the
load elements 352, 354, 356 are shown in graphs 732, 734, 736, respectively. In FIG. 7D,
the magnitude of harmonic frequencies of the line voltages, where the line voltages are
measured between the converter phases (between points A and B, points B and C, points A
and C), and are provided to the load elements 352, 354, 356 are shown in graphs 742, 744,
746, respectively. In FIG. 7E, the phase voltages which are measured across the output
loads (between the points A and node 358, points B and node 358, points C and node 358)
are shown in graphs 752, 754, 756, respectively. In FIG. 7F, the magnitude of harmonic
content of the phase voltages, where the phase voltages are measured across the output
loads (between the points A and node 358, points B and node 358, points C and node 358)
are shown in graphs 762, 764, 766, respectively. In FIG. 7G, the output currents at nodes
128 of the UPUC converters 310, 320, 330 are shown in graphs 772, 774, 776, respectively.
In FIG. 7H, the magnitude of harmonic content of the output currents at nodes A, B, C,
respectively of the UPUC converters 310, 320, 330 are shown in graphs 782, 784, 786,
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respectively. As a result of the voltage outputs having 17 discrete voltages, the output
currents are produced as well-defined sine waves, as shown in graphs 772, 774, 776. In
addition, in some embodiments, the control technique used to produce the control signals
can be used to shift harmonic distortions to higher level harmonic orders, for instance to the
671 order.

[0064] With reference to FIGS. 8A-8C, simulation results for the three-phase UPUC
converter 300 during a start-up procedure are illustrated. In FIG. 8A, the voltage of the DC
source 340 is presented in graph 812; as illustrated, the voltage of the DC source 340
begins at 0 V, and increases to 400 V at a time 813. Graphs 814, 816, 818 present the
voltages across the capacitors 116, 126 of each of the UPUC converters 310, 320, 330 of
the three-phase UPUC converter 300, which also begin at 0 V, and begin to increase after
the time 813 until reaching the appropriate voltage levels (Vu/2, Va/4 and Vu/8). As can be
seen, there is no requirement to pre-charge or pre-supply the capacitors 116, 126 of the
UPUC converters 310, 320, 330 for proper operation of the three-phase UPUC converter
300. Rather, the capacitors 116, 126 can inherently reach the appropriate voltage levels
using an appropriate control scheme for the switching states of the UPUC converters 310,
320, 330. In FIG. 8B, graph 822 illustrates the nine-level voltage, graph 824 illustrates the
line voltage, graph 826 illustrates the phase voltage, and graph 828 illustrates the output
current provided to the AC load 350. In FIG. 8C, the voltage and current waveforms of
graphs 822-828 are presented over a short time interval: graph 832 illustrates the nine-level
voltage, graph 834 illustrates the line voltage, graph 836 illustrates the phase voltage, and
graph 838 illustrates the output current provided to the AC load 350.

[0065] With reference to FIGS. 9A-9C, simulation results for the three-phase UPUC
converter 300 during variations in the voltage supplied by the power source 340 are
illustrated. In FIG. 9A, the voltage of the DC source 340 is presented in graph 912; as
illustrated, the voltage of the DC source 340 begins at 400 V, increases to 800 V at a time
902, then drops to 600 V at time 904. Graphs 914, 916, 918 present the voltages across the
capacitors 116, 126 of each of the UPUC converters 310, 320, 330 of the three-phase UPUC
converter 300. After time 902, the voltages of the capacitors 116, 126 experience a transient
and increase to accommodate the increase in the voltage of the DC source 340. After time
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904, the wvoltages of the capacitors 116, 126 experience a transient and decrease to
accommodate the decrease in the voltage of the DC source 340. In FIG. 9B, graph 922
illustrates the nine-level voltage, graph 924 illustrates the line voltage, graph 926 illustrates
the phase voltage, and graph 928 illustrates the output current provided to the AC load 350.
In FIG. 9C, the voltage and current waveforms of graphs 922-928 are presented over a short
time interval: graph 932 illustrates the nine-level voltage, graph 934 illustrates the line
voltage, graph 936 illustrates the phase voltage, and graph 938 illustrates the output current
provided to the AC load 350.

[0066] With reference to FIGS. 10A-10D, simulation results for the three-phase UPUC
converter 300 during variations in the AC load 350 are illustrated. For example, a change in
the AC load 350 may include a variation in the linear impedance value of the AC load 350
(shown in FIGS. 10A-B), and changes in the non-linear impedance value of the AC load 350
(shown in FIGS 10C-D). For example, the change in the non-linear impedance value of the
AC load 350 can be simulated by connecting single-phase diode rectifiers to the load
elements 352, 354, 356. Simulating changes in the AC load 350 may serve, for instance, to
analyze the response and performance of the capacitors 116, 126 in dynamic operating
conditions.

[0067] In FIG. 10A, the voltage of the DC source 340 is presented in graph 1012, and
graphs 1014, 1016, 1018 present the voltages across the capacitors 116, 126 of each of the
UPUC converters 310, 320, 330 of the three-phase UPUC converter 300. As shown in
graphs 1014, 1016, 1018, the voltages of the capacitors 116, 126 do not exhibit substantive
voltage transients or ripples during linear changes in the AC load 350. In FIG. 10B, graph
1022 illustrates the nine-level voltage, graph 1024 illustrates the line voltage, graph 1026
illustrates the phase voltage, and graph 1028 illustrates the output current provided to the
AC load 350. As can be seen in graph 1028, the output current provided to the AC load 350
decreases at time 1002, due to the change in the AC load 350. The general form of the
output current in graph 1028 does not deviate from the well-defined sine wave shape, and
the nine-level, line, and phase voltage waveforms do not exhibit any substantive transient
states.

17



CA 03228134 2024-01~11

WO 2023/283725 PCT/CA2022/051075

[0068] In FIG. 10C, the voltage of the DC source 340 is presented in graph 1032, and
graphs 1034, 1036, 1038 present the voltages across the capacitors 116, 126 of each of the
UPUC converters 310, 320, 330 of the three-phase UPUC converter 300. As shown in
graphs 1034, 1036, 1038, the voltages of the capacitors 116, 126 do not exhibit substantive
voltage transients or ripples during non-linear changes in the AC load 350. in FIG. 10D,
graph 1042 illustrates the nine-level voltage, graph 1044 illustrates the line voltage, graph
1046 illustrates the phase voltage, and graph 1048 illustrates the output current provided to
the AC load 350. As can be seen in graph 1048, the output current provided to the AC load
350 increases at time 1004, due to the change in the AC load 350. The general form of the
output current in graph 1048 does not deviate from the well-defined sine wave shape, and
the nine-level, line, and phase voltage waveforms do not exhibit any substantive transient
states.

[0069] With reference to FIGS. 11A-11B, simulation results for the three-phase UPUC
converter 300 during variations in an amplitude modulation index, used to produce the
control signals provided to the switches of the three-phase UPUC converter 300, are
illustrated. In the illustrated example, the amplitude modulation index is changed from 0.75
to 0.95. Simulating changes in the amplitude modulation index may serve, for instance, to
analyze the response and performance of the capacitors 116, 126 to different pulse widths
used for the control signals. In FIG. 11A, the voltage of the DC source 340 is presented in
graph 1112. Graphs 1114, 1116, 1118 present the voltages across the capacitors 116, 126
of each of the UPUC converters 310, 320, 330 of the three-phase UPUC converter 300. As
shown in graphs 1114, 1116, 1118, the voltages of the capacitors 116, 126 do not exhibit
substantive voltage transients or ripples during changes in the amplitude modulation index.
In FIG. 11B, graph 1122 illustrates the nine-level voltage, graph 1124 illustrates the line
voltage, graph 1126 illustrates the phase voltage, and graph 1128 illustrates the output
current provided to the AC load 350. As shown in graphs, 1122, 1124, 1126, the change in
the amplitude modulation index results in a change of the amplitude of the nine-level, line,
and phase voltages, which also retain their sine wave shape, and do not exhibit any
substantive transient states. The graph 1128 indicates that the output current provided to the
AC load 350 increases as a result of the change in the amplitude modulation index.
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[0070] With reference to FIGS. 11C-11D, simulation results for the three-phase UPUC
converter 300 during variations in a fundamental frequency of operation are illustrated. In the
illustrated example, the fundamental frequency is changed from 60 Hz to 400 Hz. To
account for the changes in the fundamental frequency, the switching frequency of the
switches of the UPUC converter 300 is simulated as 72 KHz. In FIG. 11C, the voltage of the
DC source 340 is presented in graph 1132. Graphs 1134, 1136, 1138 present the voltages
across the capacitors 116, 126 of each of the UPUC converters 310, 320, 330 of the three-
phase UPUC converter 300. As shown in graphs 1134, 1136, 1138, the voltages of the
capacitors 116, 126 do not exhibit substantive voltage transients or ripples during the
change in the fundamental frequency. In FIG. 11D, graph 1142 illustrates the nine-level
voltage, graph 1144 illustrates the line voltage, graph 1146 illustrates the phase voltage, and
graph 1148 illustrates the output current provided to the AC load 350. As shown in graphs,
1142, 1144, 1146, the change in the fundamental frequency results in a change of the
frequency of the nine-level, line, and phase voltages, which also retain their sine wave
shape, and do not exhibit any substantive transient states. The graph 1128 indicates that the
output current provided to the AC load 350 changes in frequency and amplitude as a result
of the change in the fundamental frequency.

[0071] The foregoing paragraphs relating to simulation results for the three-phase UPUC
converter 300 discuss particular simulations results relating to particular testing scenarios. In
particular, the DC source 340 was selected with V.= 400 V, the load elements 352, 354,
356 were modeled as inducing both linear and non-linear loads with fundamental and
switching frequencies of 60 Hz and 4 KHz, respectively. The linear load were selected as
being composed of resistance and inductance parts (R-L) configured as R= 40 Q and L=20
mH, and the non-linear load was modeled as a diode rectifier having an output connected to
the linear load with same configuration as the linear loads. The changes in the AC load 350
included changing from R=40Q and L=20mH to R=80Q and L=10mH substantially
simultaneously. The capacitances of the capacitors 116, 126 of each of the UPUC
converters 310, 320, 330 of the three-phase UPUC converter 300 were modeled as being
identical for all phases, namely Cy.1o=2500uF.
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[0072] The foregoing discussion provides many example embodiments. Although each
embodiment represents a single combination of one or more embodiments and/or elements,
other examples may include all possible combinations of the disclosed elements. Thus if one
embodiment comprises elements A, B, and C, and a second embodiment comprises
elements B and D, other remaining combinations of A, B, C, or D, may also be used.

[0073] The term “connected” or "coupled to" may include both direct coupling (in which
two elements that are coupled to each other contact each other) and indirect coupling (in
which at least one additional element is located between the two elements).

[0074] Although the embodiments have been described in detail, it should be understood
that various changes, substitutions and alterations can be made herein without departing
from the scope as defined by the appended claims. The above description is meant to be
exemplary only, and one skilled in the art will recognize that changes may be made to the
embodiments described without departing from the scope of the invention disclosed. Still
other modifications which fall within the scope of the present invention will be apparent to
those skilled in the art, in light of a review of this disclosure.

[0075] Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As one of ordinary skill in the art
will readily appreciate from the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed, that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized. Accordingly, the
appended claims are intended to include within their scope such processes, machines,
manufacture, compositions of matter, means, methods, or steps. The scope of the following
claims should not be limited by the embodiments set forth in the examples, but should be
given the broadest reasonable interpretation consistent with the description as a whole.
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CLAIMS:

1. A power converter for transforming electrical power between direct current (DC)

power and alternating current (AC) power, comprising:

a first stage comprising a first branch having a first pair of series-connected
switches, a second branch having a second pair of series-connected switches, and a

capacitor connected between the first and second branches;

a second stage comprising a third branch having a first plurality of series-connected
switches, a fourth branch having a second plurality of series-connected switches, and a
plurality of capacitors connected between the third and fourth branches at respective
connection points located between intermediate switches of the first and second

pluralities of series-connected switches; and
a connection branch coupling the first stage and the second stage.

2. The power converter of claim 1, wherein the first plurality of series-connected
switches comprises a first group of three switches, wherein the second plurality of
series-connected switches comprises a second group of three switches, and wherein
the plurality of capacitors comprises first and second capacitors, wherein the first
capacitor is connected between a first switch and a second switch of the first group of
three switches and between a first switch and a second switch of the second group of
three switches, and wherein the second capacitor is connected between the second
switch and a third switch of the first group of three switches and between the second

switch and a third switch of the second group of three switches.

3. The power converter of claim 1 or 2, wherein the first plurality of series-
connected switches comprises a first group of N switches, wherein the second plurality
of series-connected switches comprises a second group of N switches, and wherein

the plurality of capacitors comprises N-7 capacitors.

4. The power converter of claim 2, wherein each of the first pair and the second
pair of series-connected switches comprises a first switch and a second switch, and
further wherein a DC source is connectable to a first node connected to the second

switch of the first pair of series-connected switches and to a second node connected to
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the second switch of the second pair of series-connected switches, the second node

being a neutral point of the power converter.

5. The power converter of claim 4, wherein an AC load is connectable to the
second node and to a common node connecting the first switch of the first group of

three switches and the first switch of the second group of three switches.

6. The power converter of claim 4, wherein the connection branch is connected
between a first common node and a second common node, the first common node
connecting the first switch of the first pair of series-connected switches and the first
switch of the second pair of series-connected switches, and the second common node
connecting the third switch of the first group of three switches and the third switch of

the second group of three switches.

7. The power converter of any one of claims 1 to 3, wherein each of the first pair
and the second pair of series-connected switches comprises a first switch and a
second switch, and further wherein a DC load is connectable to a first node connected
to the second switch of the first pair of series-connected switches and to a second
node connected to the second switch of the second pair of series-connected switches,

the second node being a neutral point of the power converter.

8. The power converter of claim 7, wherein an AC source is connectable to the
second node and to a common node connecting the first switch of the first group of

three switches and the first switch of the second group of three switches.

9. The power converter of any one of claims 1 to 8, wherein the first pair of series-
connected switches is configured to operate complementarily with the second pair of
series-connected switches, and the first plurality of series-connected switches is
configured to operate complementarily with the second plurality of series-connected
switches for defining a plurality of distinct switching states producing different voltage

levels at an output of the power converter.

10. The power converter of claim 9, wherein the first and the second pair of series-
connected, and the first and the second plurality of series-connected switches are
configured to operate for defining twenty-six switching states producing nine voltage

levels at the output of the power converter.
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11. A three-phase power converter for transforming electrical power between direct
current (DC) power and alternating current (AC) power, comprising first, second, and
third power converters according to claim 1, wherein the first, second, and third power
converters are connected to a first common node connectable to a DC system, to a
second common node as a neutral point of the three-phase converter, and to a third

common node connectable to an AC system.

12. The three-phase power converter of claim 11, wherein, for each of the first,
second, and third power converters, the first plurality of series-connected switches
comprises a first group of at least three switches, the second plurality of series-
connected switches comprises a second group of at least three switches, and each
capacitor of the plurality of capacitors is connected between a pair of adjacent switches
of the first group of switches and a corresponding pair of adjacent switches of the

second group of switches.

13. The three-phase power converter of claim 11 or 12, wherein the first common

node is connectable to the DC system comprising a DC source.

14. The three-phase power converter of any one of claims 11 to 13, wherein the
third common node is connectable to the AC system comprising three AC load
elements, each AC load element associated with a respective phase and connected to

a respective one of the first, second, and third power converters.

15. The three-phase power converter of any one of claims 11 to 14, wherein, for
each of the first, second, and third power converters, the first plurality of series-
connected switches comprises a first group of three switches and the second plurality

of series-connected switches comprises a second group three switches.

16. The three-phase power converter of any one of claims 11 to 14, wherein, for
each of the first, second, and third power converters, the first plurality of series-
connected switches comprises a first group of more than three switches and the
second plurality of series-connected switches comprises a second group of more than

three switches.

17. The three-phase power converter of claim 15, wherein, for each of the first,

second, and third power converters, the second stage comprises a half-bridge inverter
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connected to a switching cell, the half-bridge inverter comprising a first switch of the
first group of switches, a first switch of the second group of switches, and a first
capacitor of the plurality of capacitors connected therebetween, and the switching cell
comprising a second and a third switch of the first group of switches, a second and a
third switch of the second group of switches, and an intermediate branch
therebetween, the intermediate branch comprising remaining ones of the plurality of

capacitors and a pair of bidirectional switches.

18. The three-phase power converter of claim 17, wherein the switching cell is
connected to the half-bridge inverter with the third branch and the fourth branch each

connecting to the half-bridge inverter on opposing terminals of the first capacitor.

19. The three-phase power converter of claim 17 or 18, wherein the intermediate
branch comprises a capacitor branch formed by a second capacitor and a third
capacitor of the plurality of capacitors, the capacitor branch connected between the
third branch and the fourth branch at points located between the second and the third
switch of the first group of switches and between the second and the third switch of the

second group of switches.

20. The three-phase power converter of claim 19, wherein the bidirectional
switches of the intermediate branch are connected between the capacitor branch and
the third and fourth branch to divide the second capacitor and the third capacitor of the

capacitor branch.
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