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HYBRID MULTI-LEVEL INVERTER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Appli­
cation No. 63/143,718, entitled "Hybrid Multi-Level 
Inverter," filed Jan. 29, 2021, which is incorporated by 
reference herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

2 
switching instances of the first half-cycle period to generate 
a step-wise increasing followed by a step-wise decreasing 
voltage output of the multi-level inverter and selectively 
control then H-bridge cells and them H-bridge cells at each 
switching instance of the set of switching instances of the 
second half-cycle period to generate a step-wise decreasing 
followed by a step-wise increasing voltage output of the 
multi-level inverter. 

In some aspects, the techniques described herein relate to 
10 a multi-level inverter further including the n DC voltage 

sources, wherein the corresponding input terminals of each 
H-bridge cell of then H-bridge cells is coupled to a DC 
voltage source of then DC voltage sources. In some aspects, 

This invention was made with govermnent support under 
award DE-AR0000904 awarded by the Department of 15 

Energy. The govermnent has certain rights in the invention. 

the techniques described herein relate to a multi-level 
inverter, wherein the n DC voltage sources have progres­
sively increasing voltage values. In some aspects, the tech-
niques described herein relate to a multi-level inverter, 
wherein the n DC voltage sources have values progressively 
increasing by a power of 2. 

TECHNICAL FIELD 

This disclosure relates to the field of power systems, and 20 

in particular to power converters. 

In some aspects, the techniques described herein relate to 
a multi-level inverter, wherein the controller is configured to 
selectively control at least one H-bridge cell of the m 
H-bridge cells to discharge the respective capacitor to its 
respective output terminals when the voltage output of the 

DESCRIPTION OF THE RELATED 
TECHNOLOGY 

Multi-level inverters have been used in wide variety of 
applications. A multi-level inverter can receive direct current 
(DC) input voltages and generate an alternating current (AC) 
output voltage at its output terminals. The output voltage can 
be a stepwise voltage formed by changing switching con­
figurations of constituent hybrid bridge cells at various time 
instances over a voltage cycle. 

SUMMARY 

In some aspects, the techniques described herein relate to 
a multi-level inverter, including: n H-bridge cells, each 
H-bridge cell of the n H-bridge cells configured to selec­
tively provide at its output terminals one of: a zero voltage, 
a positive polarity of a voltage at its input terminals, and a 
negative polarity of the voltage at its input terminals, 
wherein the corresponding input terminals of each H-bridge 
cell of then H-bridge cells is configured to be coupled to one 
of n DC voltage sources, wherein at least two of the n DC 
voltage sources have a different voltage magnitudes. The 
multi-level inverter further includes m H-bridge cells, each 
H-bridge cell of the m H-bridge cells having a capacitor 
coupled in parallel with its input terminal, the each H-bridge 
cell of them H-bridge cells configured to selectively provide 
one of: charging the capacitor from its output terminals, 
discharging the capacitor to its output terminals, and pro­
viding zero voltage at its output terminals, wherein the n 
H-bridge cells and them H-bridge cells are connected in a 
cascade formation such that a voltage output of the multi­
level inverter is equal to at least a sum of output voltages of 
the n H-bridge cells and the m H-bridge cells. The multi­
level inverter also includes a controller coupled with the n 
H-bridge cells and them H-bridge cells where the controller 
is configured to: determine a first half-cycle period and a 
second subsequent half-cycle period of a same duration as 
the first half-cycle period, each of the first half-cycle period 
and the second half-cycle period including a set of switching 
instances, wherein each switching instance in the set of 
switching instances is determined at least in part based upon 
the voltage magnitudes of each of then DC voltage sources, 
and selectively control then H-bridge cells and the m 
H-bridge cells at each switching instance of the set of 

25 multi-level inverter is at its peak positive or peak negative 
value. In some aspects, the techniques described herein 
relate to a multi-level inverter, wherein the controller is 
configured to selectively control at least one H-bridge cell of 
them H-bridge cells to charge the respective capacitor from 

30 its respective output terminals when the voltage output of 
the multi-level inverter is not at its peak positive or peak 
negative value. 

In some aspects, the techniques described herein relate to 
a multi-level inverter, wherein n is greater than m. In some 

35 aspects, the techniques described herein relate to a multi­
level inverter, wherein the controller configured to vary at 
least one switching instance of the set of switching instances 
in the first half-cycle and the second half-cycle based on 
deviation of voltage of at least one capacitor associated with 

40 the m H-bridge cells from their corresponding predeter­
mined value. In some aspects, the techniques described 
herein relate to a multi-level inverter, wherein the controller 
configured to vary the at least one switching instance of the 
set of switching instances in the first half-cycle and the 

45 second half-cycle to maintain average voltages of the at least 
one capacitor associated with them H-bridge cells at their 
corresponding predetermined value. 

In some aspects, the techniques described herein relate to 
a multi-level inverter, wherein the controller is configured to 

50 vary at least one switching instance of the set of switching 
instances in the first half-cycle and the second half-cycle 
such that an average charge into at least one capacitor 
associated with them H-bridge cells is substantially equal to 
zero over the first half-cycle and second half-cycle. In some 

55 aspects, the techniques described herein relate to a multi­
level inverter, wherein the at least one switching instance is 
associated with the output voltage of the multi-level inverter 
having a positive or negative peak value. 

In some aspects, the techniques described herein relate to 
60 a method for controlling a multi-level inverter including: n 

H-bridge cells, each H-bridge cell of the n H-bridge cells 
configured to selectively provide at its output terminals one 
of: a zero voltage, a positive polarity of a voltage at its input 
terminals, and a negative polarity of the voltage at its input 

65 terminals, wherein the corresponding input terminals of each 
H-bridge cell of the n H-bridge cells is configured to be 
coupled to one of n DC voltage sources, wherein at least two 
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of the n DC voltage sources have a different voltage mag­
nitudes; and m H-bridge cells, each H-bridge cell of them 
H-bridge cells having a capacitor coupled in parallel with its 
input terminal, the each H-bridge cell configured to selec­
tively provide one of: a charging the capacitor from its 5 

output terminals, a discharging the capacitor to its output 
terminals, and a providing zero voltage at its output termi­
nals, wherein then H-bridge cells and them H-bridge cells 
are connected in a cascade formation such that a voltage 
output of the multi-level inverter is equal to at least a sum 10 

of output voltages of then H-bridge cells and them H-bridge 
cells, the method including: determining a first half-cycle 
period and a second subsequent half-cycle period of a same 
duration as the first half-cycle period, each of the first 
half-cycle period and the second half-cycle period including 15 

a set of switching instances, wherein each switching 
instance in the set of switching instances is determined at 
least in part based upon the voltage magnitudes of each of 
the n DC voltage sources, selectively controlling the n 
H-bridge cells and the m H-bridge cells at each switching 20 

instance of the set of switching instances of the first half­
cycle period to generate a step-wise increasing followed by 
a step-wise decreasing voltage output of the multi-level 
inverter, and selectively controlling then H-bridge cells and 
them H-bridge cells at each switching instance of the set of 25 

switching instances of the second half-cycle period to gen­
erate a step-wise decreasing followed by a step-wise increas­
ing voltage output of the multi-level inverter. 

In some aspects, the techniques described herein relate to 
a method, wherein the n DC voltage sources have progres- 30 

sively increasing voltage values. In some aspects, the tech­
niques described herein relate to a method, wherein then DC 
voltage sources have values progressively increasing by a 
power of 2. In some aspects, the techniques described herein 
relate to a method, further including: selectively controlling 35 

at least one H-bridge cell of the m H-bridge cells to 
discharge the respective capacitor to its respective output 
terminals when the voltage output of the multi-level inverter 

4 
switching instance is associated with the output voltage of 
the multi-level inverter having a positive or negative peak 
value. In some aspects, the techniques described herein 
relate to a method, wherein the multi-level inverter further 
includes then DC voltage sources, wherein the correspond­
ing input terminals of each H-bridge cell of then H-bridge 
cells is coupled to a DC voltage source of the n DC voltage 
sources. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lA and 1B show example high-frequency link 
(HFL)-based multilevel inverters with single voltage source 
and single and multi-core transformers. 

FIG. 2 shows an example configuration of a hybrid binary 
cascaded multilevel inverter (BCMLI) system. 

FIG. 3 shows an example implementation of the front-end 
converters shown in FIG. 2 using a full-bridge LLC con­
verter with a secondary voltage doubler. 

FIG. 4 shows an example H-bridge cell converter that can 
be used as an cascaded H-bridge (CHB) cell shown in FIG. 
2. 

FIG. 5 shows schematics of possible circuit operations 
(A-D) of an H-bridge cell shown in FIG. 4 based on device 
switching status. 

FIG. 6 shows waveforms of various voltages and currents 
in the example BCMLI shown in FIG. 2 for resistive loads. 

FIG. 7 shows waveforms of various voltages and currents 
in the example BCMLI shown in FIG. 2 for inductive loads. 

FIG. 8 shows example magnitude and phase plots related 
to floating capacitor voltage control. 

FIG. 9 shows a block diagram of an example floating 
capacitor voltage (FCV) control system. 

FIG. 10 shows example magnitude and phase plots related 
to the compensator Hv (s) and loop gain Tjs) shown in FIG. 
9. 

FIG. 11 shows a block diagram of an example controller 
for controlling the operation of a BCMLI shown in FIG. 2. 

FIG. 12 shows example simulation results of the hybrid 
BCMLI with FCV control with wide range ofRL-loads and 
power factors. 

is at its peak positive or peak negative value. In some 
aspects, the techniques described herein relate to a method, 40 

further including: selectively controlling at least one 
H-bridge cell of them H-bridge cells to charge the respec­
tive capacitor from its respective output terminals when the 
voltage output of the multi-level inverter is not at its peak 
positive or peak negative value. 

FIG. 13 shows example simulation results of transient 
45 performance of the hybrid BCMLI with FCV control. 

In some aspects, the techniques described herein relate to 
a method, wherein n is greater than m. In some aspects, the 
techniques described herein relate to a method, further 
including: varying at least one switching instance of the set 
of switching instances in the first half-cycle and the second 50 

half-cycle based on deviation of voltage of at least one 
capacitor associated with the m H-bridge cells from their 
corresponding predetermined value. In some aspects, the 
techniques described herein relate to a method, further 
including: varying the at least one switching instance of the 55 

set of switching instances in the first half-cycle and the 
second half-cycle to maintain average voltages of the at least 
one capacitor associated with them H-bridge cells at their 
corresponding predetermined value. 

In some aspects, the techniques described herein relate to 60 

a method, further including: varying at least one switching 
instance of the set of switching instances in the first half­
cycle and the second half-cycle such that an average charge 
into at least one capacitor associated with the m H-bridge 
cells is substantially equal to zero over the first half-cycle 65 

and second half-cycle. In some aspects, the techniques 
described herein relate to a method, wherein the at least one 

FIG. 14 shows example simulation results of response to 
voltage step and frequency step of the hybrid BCMLI with 
FCV control. 

FIG. 15 shows a photograph of an example prototype of 
the single-source hybrid BCMLI system with FCV control 
shown in FIG. 2. 

FIG. 16 shows steady-state waveforms of the hybrid 
BCMLI system of FIG. 15 with different power levels. 

FIG. 17 shows waveforms of voltages and currents for 
different power factor operations tested with RL load varia­
tions. 

FIG. 18 shows a graph depicting low output voltage 
distortions for different power factor operations or load 
types. 

FIGS. 19A-19C show example transient waveforms of the 
hybrid BCMLI system of FIG. 15. 

FIG. 20 shows graphs depicting changes in efficiency and 
total harmonic distortion (THD) over changes in load for the 
hybrid BCMLI system shown in FIG. 15. 

FIG. 21 shows one example configuration of a stacked 
BCMLI system. 
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Like reference numbers and designations in the various 
drawings indicate like elements. 

DETAILED DESCRIPTION 

6 

The various concepts introduced above and discussed in 
greater detail below may be implemented in any of numer­
ous ways, as the described concepts are not limited to any 
particular manner of implementation. Examples of specific 
implementations and applications are provided primarily for 
illustrative purposes. 

herein, and that each value is also herein disclosed as 
"about" that particular value in addition to the value itself. 
For example, if the value "10" is disclosed, then "about 10" 
is also disclosed. Ranges can be expressed herein as from 
"about" one particular value, and/or to "about" another 
particular value. Similarly, when values are expressed as 
approximations, by use of the antecedent "about," it will be 
understood that the particular value forms a further aspect. 
For example, if the value "about 10" is disclosed, then "10" 

10 is also disclosed. 

As will be apparent to those of skill in the art upon reading 
this disclosure, each of the individual embodiments 
described and illustrated herein has discrete components and 
features which may be readily separated from or combined 15 

with the features of any of the other several embodiments 
without departing from the scope or spirit of the present 
disclosure. 

Any recited method can be carried out in the order of 
events recited or in any other order that is logically possible. 20 

That is, unless otherwise expressly stated, it is in no way 
intended that any method or aspect set forth herein be 
construed as requiring that its steps be performed in a 
specific order. Accordingly, where a method claim does not 
specifically state in the claims or descriptions that the steps 25 

are to be limited to a specific order, it is no way intended that 
an order be inferred, in any respect. This holds for any 
possible non-express basis for interpretation, including mat­
ters of logic with respect to arrangement of steps or opera­
tional flow, plain meaning derived from grammatical orga- 30 

nization or punctuation, or the number or type of aspects 
described in the specification. 

All publications mentioned herein are incorporated herein 
by reference to disclose and describe the methods and/or 
materials in connection with which the publications are 35 

cited. The publications discussed herein are provided solely 
for their disclosure prior to the filing date of the present 
application. Nothing herein is to be construed as an admis­
sion that the present invention is not entitled to antedate such 
publication by virtue of prior invention. Further, the dates of 40 

publication provided herein can be different from the actual 
publication dates, which can require independent confirma­
tion. 

When a range is expressed, a further aspect includes from 
the one particular value and/or to the other particular value. 
For example, where the stated range includes one or both of 
the limits, ranges excluding either or both of those included 
limits are also included in the disclosure, e.g. the phrase "x 
to y" includes the range from 'x' to 'y' as well as the range 
greater than 'x' and less than 'y'. The range can also be 
expressed as an upper limit, e.g. 'about x, y, z, or less' and 
should be interpreted to include the specific ranges of 'about 
x', 'about y', and 'about z' as well as the ranges of 'less than 
x', less than y', and 'less than z'. Likewise, the phrase 'about 
x, y, z, or greater' should be interpreted to include the 
specific ranges of 'about x', 'about y', and 'about z' as well 
as the ranges of 'greater than x', greater than y', and 'greater 
than z'. In addition, the phrase "about 'x' to 'y"', where 'x' 
and 'y' are numerical values, includes "about 'x' to about 
'y"'. 

It is to be understood that such a range format is used for 
convenience and brevity, and thus, should be interpreted in 
a flexible manner to include not only the numerical values 
explicitly recited as the limits of the range, but also to 
include all the individual numerical values or sub-ranges 
encompassed within that range as if each numerical value 
and sub-range is explicitly recited. To illustrate, a numerical 
range of "about 0.1 % to 5%" should be interpreted to 
include not only the explicitly recited values of about 0.1 % 
to about 5%, but also include individual values ( e.g., about 
1 %, about 2%, about 3%, and about 4%) and the sub-ranges 
(e.g., about 0.5% to about 1.1%; about 5% to about 2.4%; 
about 0.5% to about 3.2%, and about 0.5% to about 4.4%, 
and other possible sub-ranges) within the indicated range. 

As used herein, the terms "about," "approximate," "at or 
about," and "substantially" mean that the amount or value in While aspects of the present disclosure can be described 

and claimed in a particular statutory class, such as the 
system statutory class, this is for convenience only and one 
of skill in the art will understand that each aspect of the 
present disclosure can be described and claimed in any 
statutory class. 

45 question can be the exact value or a value that provides 
equivalent results or effects as recited in the claims or taught 
herein. That is, it is understood that amounts, sizes, formu­
lations, parameters, and other quantities and characteristics 
are not and need not be exact, but may be approximate 

It is also to be understood that the terminology used herein 
is for the purpose of describing particular aspects only and 
is not intended to be limiting. Unless defined otherwise, all 
technical and scientific terms used herein have the same 
meaning as commonly understood by one of ordinary skill 

50 and/or larger or smaller, as desired, reflecting tolerances, 
conversion factors, rounding off, measurement error and the 
like, and other factors known to those of skill in the art such 
that equivalent results or effects are obtained. In some 
circumstances, the value that provides equivalent results or 

55 effects cannot be reasonably determined. In such cases, it is 
generally understood, as used herein, that "about" and "at or 
about" mean the nominal value indicated ±10% variation 
unless otherwise indicated or inferred. In general, an 

in the art to which the disclosed compositions and methods 
belong. It will be further understood that terms, such as those 
defined in commonly used dictionaries, should be inter­
preted as having a meaning that is consistent with their 
meaning in the context of the specification and relevant art 
and should not be interpreted in an idealized or overly 60 

formal sense unless expressly defined herein. 
It should be noted that ratios, concentrations, amounts, 

and other numerical data can be expressed herein in a range 
format. It will be further understood that the endpoints of 
each of the ranges are significant both in relation to the other 65 

endpoint, and independently of the other endpoint. It is also 
understood that there are a number of values disclosed 

amount, size, formulation, parameter or other quantity or 
characteristic is "about," "approximate," or "at or about" 
whether or not expressly stated to be such. It is understood 
that where "about," "approximate," or "at or about" is used 
before a quantitative value, the parameter also includes the 
specific quantitative value itself, unless specifically stated 
otherwise. 

Prior to describing the various aspects of the present 
disclosure, the following definitions are provided and should 
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be used unless otherwise indicated. Additional terms may be 
defined elsewhere in the present disclosure. 

As used herein, "comprising" is to be interpreted as 
specifying the presence of the stated features, integers, steps, 
or components as referred to, but does not preclude the 
presence or addition of one or more features, integers, steps, 

8 
(THD), low device stresses and reduced fewer filter require­
ments. Types of multi-level inverters can include, for 
example, cascaded H-bridge (CHB), neutral point clamped 
and flying capacitor inverters. CHB inverters provide ben­
efits such as low modular manufacturing cost, expandability, 
high efficiency and suitability for fault-tolerant applications. 

or components, or groups thereof. Moreover, each of the 
terms "by", "comprising," "comprises", "comprised of," 
"including," "includes," "included," "involving," 
"involves," "involved," and "such as" are used in their open, 10 

non-limiting sense and may be used interchangeably. Fur­
ther, the term "comprising" is intended to include examples 
and aspects encompassed by the terms "consisting essen­
tially of' and "consisting of' Similarly, the term "consisting 
essentially of' is intended to include examples encompassed 15 

by the term "consisting of. 

In CHB multilevel inverter system, an isolated de source 
can be used per H-bridge module. k-CHB modules with 
symmetrical n-sources can provide a total output voltage 
level of (2k+l). Thus, output voltage level and waveform 
quality can be significantly improved with a higher k. 
However, this also results in a large number of voltage 
sources and inverter modules as compared to other multi­
level inverter types with similar output voltage levels. In 
some instances, CHB inverters with asymmetrical 
de-sources can be used. Such inverters can be referred to as 

As used herein, the term "and/or" includes any and all 
combinations of one or more of the associated listed items. 
Expressions such as "at least one of," when preceding a list 
of elements, modify the entire list of elements and do not 
modify the individual elements of the list. 

As used in the specification and the appended claims, the 
singular forms "a," "an" and "the" include plural referents 
unless the context clearly dictates otherwise. Thus, for 
example, reference to "a proton beam degrader," "a degrader 
foil," or "a conduit," includes, but is not limited to, two or 
more such proton beam degraders, degrader foils, or con­
duits, and the like. 

The various concepts introduced above and discussed in 
greater detail below may be implemented in any of numer­
ous ways, as the described concepts are not limited to any 
particular manner of implementation. Examples of specific 
implementations and applications are provided primarily for 
illustrative purposes. 

As used herein, the terms "optional" or "optionally" 
means that the subsequently described event or circumstance 
can or cannot occur, and that the description includes 
instances where said event or circumstance occurs and 
instances where it does not. 

I. INTRODUCTION 

This application includes discussion of hybrid binary 
cascaded multilevel inverters (BCMLis). In some embodi­
ments, the BCMLis can employ front-end high-frequency­
link (HFL) converters to provide DC voltages. At least one 
purpose of HFL-converters is to a boost DC-source voltage 
to bus voltages in a binary ratio. In some embodiments, one 
of the HFL-converters is removed from the system and is 
instead replaced with a floating capacitor coupled in parallel 
with the input terminals of the H-bridge cell. The voltage of 
the floating capacitor can be controlled by a floating­
capacitor-voltage (FCV) controller. Compared to the con­
ventional BCMLI, the system size and cost can be signifi­
cantly reduced while maintaining promising features 
including multi-level output, high voltage gain, galvanic 
isolation and reactive power capability. The FCV control can 
utilize one of the switching angles at voltage-level transi­
tions as a control variable in single-loop design, which 
facilitates control simplicity. The hybrid BCMLI with the 
FCV control has advantages of voltage gain, isolation capa­
bility, reactive supply and simple control system over state­
of-the-art multilevel inverter topologies with FCV control 
methods. 

asymmetrical cascaded multilevel inverters. Example 
inverter topologies can include binary and trinary cascaded 
multilevel inverters in 3-module structures, of which source 

20 voltages are in (1:2:4) and (1:3:9) ratios; 15-level (THD 
5.9%) and 27-level (THD 3.1 %) output voltages are achiev­
able with the binary and trinary inverters, respectively. With 
re-sources and n-CHB modules, in theory, the binary and 
trinary topologies can obtain 2(k+l)-1 and 3 k maximum 

25 voltage levels, respectively. 
Nevertheless, asymmetrical inverter topologies still 

employ multiple de-sources and such voltage sources with 
specific ratios may be difficult to implement. As a partial 
solution, some example inverters implement front-end high-

30 frequency-link (HFL) converters to provide asymmetric bus 
voltages from a single de-source. The HFL-transformers can 
facilitate input-output galvanic isolation and high voltage 
gain so that inverters can be candidates for higher voltage 
applications like industrial drives. FIG. lA shows an 

35 example HFL-based multilevel inverter 100 with single 
de-source. The single-HFL converters utilize one primary 
bridge 102, a single transformer 104 and individual second­
ary rectifiers 106. While this system topology can have a 
benefit of reduced components, the transformer 104 core 

40 would have to be designed with a large core with wide 
window-area to handle full power rating. Moreover, control 
complexity due to complicated modulation, cross-regulation 
issue and switching frequency limitation can be introduced 
when multiple bus voltages are controlled through a single 

45 core. The multi-HFL converters in FIG. 1B can adopt 
separate power paths from input source to load. Although the 
component count is higher than that of single-HFL system, 
several features including control simplicity, low power 
rating of circuits and reduced size of cores may be more 

50 desirable in some implementations. 
Based on the single-phase multi-HFL structures in FIG. 

1B, some inverter configurations can be designed to reduce 
the number of HFL-converters for system size and cost 
reduction. For example, one of the voltage sources can be 

55 replaced with a floating capacitor, resulting in a hybrid 
topology formed with a combination of CHB inverters and 
flying capacitor type inverters. Since charge-balanced 
capacitor at designated voltage level is desirable for system 
output voltage quality, FCV control under variations of 

60 output voltage and power can be used. In some examples, a 
single-source trinary cascaded multilevel inverter can 
include a front-end boost converter and magnetically 
coupled charge-pumps as HFL-converters. This configura­
tion can result in reduced size and cost of the HFL and 

Multilevel inverters can be used in wide-range voltage 65 enhanced core utilization by the charge-pumps. In some 
and power applications. In comparison with other inverters, other examples, the main HFL-converter for a particular 
multi-level inverters can have low total-harmonic-distortion voltage level can be removed and a de-source can be directly 
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connected to the bus. As a result, a dual-half-bridge con­
verter is positioned between two other voltage level floating 
buses as a HFL-converter. This can allow bi-directional 
power flow and two floating capacitors can be controlled to 
desired voltages. In some examples, trinary inverters deliver 
power through charge-pumps and dual-half-bridges at low 
percentages of full power ratings with resulting system 
efficiency of over 96%, while obtaining 27-level output with 
low THD. However, this also results in losing input-output 
galvanic isolations, limited power range of HFL-converters 10 

and restricted modulation index below 0.85, which can limit 
their use to low voltage applications. 

In some examples, HFL-converters can be removed to 
form a single-source asymmetric multilevel inverter includ­
ing CHB stages. In some example implementations, two 15 

CHB modules can be used and can also include control 
methods to regulate one floating capacitor voltage in (1 :k) 
ratio with a single DC-source voltage. In some other 
examples, three CHBs can be used and FCV control for two 
capacitors in (1 :k:k) ratio can be included. Two floating 20 

capacitors can be controlled concurrently to k=0.38. In yet 
another example inverter a 9-level output can be generated 
using purely inductive-load supply. However, in some such 
inverters, FCV control methods have non-reachable and 
unstable voltage regions. Low voltage level and severe 25 

control complexity are also relative weak points. 
As discussed herein, a FCV control for a hybrid binary 

cascaded multilevel inverter (BCMLI) is introduced, which 
reduces the need for HFL converters and LC output filters 
for PWM-based output voltage. The FCV control is applied 30 

to floating capacitors with selected modulations from a truth 
table corresponding to a BCMLI operation. A switching 
angle at peak voltage-level transition is designed as control 
variable. For feedback controller design, small-signal trans-
fer function between the switching angle and voltage is 35 

derived and inherent stability of the FCV control is ana­
lyzed. For 2.Yde and 4·Vde (or input voltages of other 
H-bridge cells that are connected to DC sources instead of 
floating capacitors) regulations, full-bridge LLC converters 
can be implemented in the multi-HFL form, such as, for 40 

example, that shown in FIGS. lA and 1B, and designed to 
have almost constant voltage gains by fixed duty-ratio 
operations at resonant frequencies. With the simple control 
structures, the example hybrid BCMLI can achieve 15-level 
output and reasonable THD without losing modulation 45 

index. Though the system has lower voltage level and higher 
THD than some trinary inverters in, it can easily obtain 
higher voltage-gain by appropriate transformers design. 
Moreover, the proposed FCV control can achieve stable 
operation without losing modulation index and wide range 50 

of power-factor operations from pure real power up to pure 
reactive power. Input-output galvanic isolation is another 
merit eligible for high voltage systems. The features of 
high-voltage gain design, robust input/output isolation, 
wide-range power factor operations, and low control com- 55 

plexity are the advantages which have not been exhibited in 
combination by other hybrid-type topologies. Thus, it can be 
noted that the hybrid BCMLI with the proposed FCV control 
has comparative topological advantages not only over con­
ventional CHB-based MLis, but also over state-of-the-art 60 

hybrid MLis which realized single-sourced asymmetric bus 
voltages and reduction of HFL-converters by their own FCV 
control methods. The detailed comparison results with state­
of-the-art hybrid topologies are also discussed herein. 

In Section II, system configuration, modulation schemes 65 

and design considerations of the hybrid BCMLI are intro­
duced. In Section III, dynamic model related to the floating 

10 
capacitor are analyzed and the proposed FCV control is 
explained in detail. In Section IV, comparative assessments 
with state-of-the-art asymmetrical cascaded multilevel 
inverters is carried out. In Section V, experimental verifica­
tions with a BCMLI prototype are presented at 700 Vpk 
output and 1-kW ratings to verify the effectiveness of the 
proposed system and control. 

II. HYBRID BCMLI 

A. System Configuration 
FIG. 2 shows an example configuration of a hybrid 

BCMLI system 200. Two separate HFL-converters are sup­
plied by a single de-source v,n 202. In particular, a first 
HFL-converter 204 and a second HFL-converter 206 are 
supplied by the single de-source v,n 202. The front-end 
HFL-converters (204 and 206) regulate the bus voltages 
v busl and V bus 2 to different values and the voltage of floating 
bus-capacitor V buso at the top is controlled by a FCV control 
devised in Section III. In this section, the floating capacitor 
Cbuso is assumed to be controlled properly at desired voltage 
in order to explain basic topology and modulation schemes. 
Then, the three bus voltages can be expressed as (1). 

where V de is a base de-voltage value for the hybrid BCMLI. 
In some example implementations, Vde can have a magni­
tude between a few volts to hundreds of volts. In some 
example implementations, V de can have a magnitude 
between a few volts to a few thousand volts. The upper limit 
to the magnitude can depend upon the specifications of the 
semiconductor devices utilized to implement the BCMLI. It 
should be noted that V busl and V bus2 ( or generally V bus-n) 

correspond to n H-bridge cells that have voltage sources 
coupled with their respective input terminals. The n DC 
voltage sources have progressively increasing voltage val­
ues, such as, for example as linear or non-linear multiples of 
a constant, or by the power of a constant ( e.g., 2, 3, etc.) or 
any other suitable function that provides progressively 
increasing voltage values. vbusO (or generally vbus-m) cor­
responds to the voltage across the capacitor Cbuso (or gen­
erally Cbus-m) for and across the input terminals of the 
topmost H-bridge cell (or generally to m H-bridge cells 
having floating capacitors coupled in parallel with their 
respective input terminals). Then H-bridge cells and them 
H-bridge cells are connected in a cascade formation such 
that a voltage output of the multi-level inverter is equal to at 
least a sum of output voltages of then H-bridge cells and the 
m H-bridge cells. In some examples, the number of n 
H-bridge cells can be greater than the number of m H-bridge 
cells. In some examples, the number ofn H-bridge cells can 
be equal to or even less than the number ofm H-bridge cells. 

The n H-bridge cells and the m H-bridge cells are con­
nected at the output in a cascade configuration. In particular, 
then and m H-bridge cells are connected in a manner such 
that a voltage output of the multi-level inverter is equal to at 
least a sum of output voltages of then H-bridge cells and the 
m H-bridge cells. For example, referring again to FIG. 2, the 
CHBs include two H-bridge cells (n=2) that have their 
respective inputs terminals coupled with voltage sources, 
and include one H-bridge cell (m=l) that has its input 
terminals coupled with a capacitor Cbuso· 
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The output voltage v 
O 

at the output of the hybrid BCMLI 
system 200 is equal to the sum of the output voltages of each 
of the CHB modules. For example, the CHB modules 
include a first CHB module 208, a second CHB module 210, 
and a third CHB module 212. Each CHB module has a first 
output terminal (a +ve output terminal) and a second output 
terminal (a -ve output terminal). The second output terminal 
(the -ve output terminal) of the first CHB module 208 is 
coupled with the first output terminal (the +ve output ter­
minal) of the second CHB module 210. The second output 10 

terminal (the -ve output terminal) of the second CHB 
module 210 is coupled with the first output terminal (the +ve 
output terminal) of the third CHB module 212. The output 
voltage v 

O 
is measured between the first terminal (the +ve 

15 
terminal) of the first CHB module 208 and the second 
terminal (the -ve terminal) of the third CHB module 212, 
where the output voltage is a sum of the output voltages of 
the CHB modules. 

fro~~~~1 c~~~:~e~~ (;~:~~~ 2~~5~~~:1~~~0Fici.01 u~fn~h= 20 

full-bridge LLC converter 302 with secondary voltage dou­
bler 304. The implementation in FIG. 3 can obtain zero­
voltage switching, steady voltage-gain as de-transformer 
and input-output galvanic isolation by the high-frequency 
transformer 306. The transformer turn-ratio design can ere- 25 

ate high 2.Y de and 4·V de bus voltages synergizing with 
voltage-doubler so that high step-up ratio from v,n to v

0 
is 

possible, which is a certain advantage for high voltage 
inverter systems. The voltage gain of i-th (i=l, 2) LLC 
converter in FIG. 3 can be expressed by Mmod_,=v bus./v,n =2· 30 

(ns./np_,) if switching frequency is at resonant frequency. It 
should be noted that the HFL converters shown in FIG. 3 are 
only examples, and that other DC voltage sources such as, 

12 
BCMLI system can synthesize 15-level output from -7·Vde 
to + 7·V de; it can be seen that multiple options are available 
for ±l·Vde, ±2·Vde, ±3·Vde and ±5·Vdc" 

Vo 

+7 
+6 
+5 

+4 
+3 

+2 

+1 

0 
-1 

-2 

-3 

-4 
-5 

-6 
-7 

TABLE I 

MODULATION SCHEMES OF BCMLI 

vo.2 Vo.I 

*+4 +2 
*+4 +2 
*+4 +2 
+4 0 

*+4 0 
+4 -2 

*+4 0 
0 +2 

+4 -2 
*0 +2 
+4 -2 
*0 +2 
0 0 
0 0 
0 0 

*0 -2 
-4 +2 
*0 -2 
-4 +2 

0 -2 
*-4 0 
-4 +2 

*-4 0 
-4 0 

*-4 -2 
*-4 -2 
*-4 -2 

Vo.O 

+1 
0 

-1 
+1 

0 
+1 
-1 
+1 

0 
0 

-1 
-1 
+1 

0 
-1 
+1 
+1 

0 
0 

-1 
+1 
-1 

0 
-1 
+1 

0 
-1 

FCV 

FC discharged 

FC charged 

FC charged 

FC charged 

FC charged 

FC charged 

FC charged 

FC discharged 

Circuit 

C 

B 

B 

B 

A 

A 

A 

D 

Among the options for each voltage level, a set of options 
(indicated by "*") are selected for the hybrid BCMLI system for example, batteries and DC-DC converters also can be 

employed. 
FIG. 4 shows an example H-bridge cell converter 400 that 

can be used as an CHB shown in FIG. 2. Each H-bridge cell 
module utilizes bus voltage to determine module output 
voltage. Depending on the switching status of switches 
S

0
-Sd, module output can be ±Vbus., and 0. As shown in FIG. 

35 by the following reason: To secure as many charging states 
of the floating capacitor as possible to make charge balanced 
against ± 7.Y de discharging state, which draws the highest 
current for the longest duration. This is also the reason why 

2, the configured CHB modules are connected in series at 40 

load side and inverter output voltage v 
O 

is the sum of v 
0

_0 , 

v
0

_1 and v
0

_2 . The inverter output current i
0 

defined in FIG. 
2 can flow through the Cbus.o in both charging and discharg­
ing directions. FIG. 5 shows schematics of possible circuit 
operations (A-D) of an H-bridge cell shown in FIG. 4 based 45 

on switching status of switches S
0
-Sd. From the figure, it can 

be summarized that the floating-capacitor charging occurs 
when the polarities ofv 

0
_0 and i

0 
are different and discharg­

ing occurs when they are in same polarity. For example, in 
operations A and B, the polarities of v 

0
_0 (positive in A and 50 

negative in B) and i
0 

(negative in A and positive in B) are the 
different, while in operations C and D, the polarities of v 

0
_0 

(positive in C and negative in D) and i
0 

(positive in C and 
negative in D) are the same. Further, each H-bridge cell is 
configured to selectively provide one of: a charging the 

55 
capacitor from its output terminals, discharging the capaci-
tor to its output terminals, and providing zero voltage at its 
output terminals. 

B. Modulation Schemes 

2.Y de and 4·V de CHB modules cannot be the floating capaci­
tor module. It is because they have to discharge bus capaci­
tors during high current zone of ±6-7V de due to lack of 
options; released capacitor charges during those periods 
cannot be compensated since the current level at ±l-5Vde 
levels are low and period durations are short. Therefore, the 
1 .Y de CHB module can be a candidate for FCV control 
among all. 

From the selected schemes in Table I, the floating capaci-
tor can be charged during ±1 ·V de, ±3·V de, ±5.Y de levels and 
discharged at peak ± 7.Y de level. If the integral value of the 
capacitor current in those charging periods is identical to that 
of the discharging period, then, the capacitor, on average, 
will have steady-state charge-balanced operations. In other 
words, an average charge into at least one capacitor asso­
ciated with them H-bridge cells is substantially equal to zero 
over the first half-cycle and second half-cycle. FIG. 6 shows 
waveforms of various voltages and currents in the example 

The average floating capacitor voltage is assumed to be 
controlled to 1 ·V de with voltage ripples from charging and 
discharging. It is also assumed that the other bus voltages are 
2.Y de and 4.Y de provided by their respective DC voltage 
sources such as, for example, the HFL-converters discussed 
above in relation to FIGS. 2 and 3. In Table I, binary-code 
truth table for BCMLI modulations is presented with refer- 65 

ence to the circuit operations (A-D) shown in FIG. 5. Based 

BCMLI shown in FIG. 2 based on the options shown in 
Table 1 for resistive loads. In order to introduce entire 
operations of the proposed BCMLI, key waveforms of the 
system during one fundamental cycle are demonstrated in 

6° FIG. 6 with the detailed voltage ripples of the floating 
capacitor. Load is assumed to be purely resistive (Ro=vji

0
). 

The inverter output current i
0 

in FIG. 6 is in phase with v 
0 

and also shows 15-level waveform with maximum level 

on the structure in FIG. 2 and binary bus voltages, the hybrid 

±7·Vde· 
There are several approaches to determining switching 

angles for voltage-level transition, such as, for example and 
without limitation, nearest-level modulation and selective 
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harmonics elimination methods. For the following discus­
sion, the nearest-level method is used due to its simplicity, 
however, selective harmonics elimination methods can also 

14 
third CHB module 212 transfer energy roughly about 30% 
and 70% of the total energy E from input source, respec­
tively; while the first CHB module 208 with floating capaci­
tor only contributes to voltage-level and THD without be employed. The switching angles (also referred to as 

"switching instances") a 1-a 7 in FIG. 6 can be calculated in 
radians based on the assumption that three bus voltages are 

5 effective energy supply. 

at constant DC values. One set of example switching angles 
are tabulated in Table II. All the required angles for a line 
cycle can be expressed by these seven angles with respect to 

In order to maintain low output THD, the voltage ripple 
of the floating capacitor should be less than a certain value 
and is affected by the floating capacitance Cbuso· Since the 
floating capacitor only discharges at ±7-Vac levels, the 

10 
voltage ripple can be calculated from FIG. 6 by (4). n: based on the position in the line cycle. As can be seen from 

FIG. 6, the duration of floating-capacitor discharging peri­
ods (indicated by arrows) are determined by the switching 
angle a 7 . Thus, the discharge-amount can be adjusted by 
changing the value of a 7 . By changing a 7 , the voltage of 
floating capacitor can be increased or decreased during line 
cycles and even controlled to a desired reference in average. 15 

Therefore, in the proposed FCV control discussed further 
below, a 7 is used as a control variable the value of which can 
be varied depending on the power level and the load type. 
The other switching angles a 1-a 6 can remain fixed as 
specified in Table II. 

TABLE II 

(4) 

where f 1 is the fundamental frequency of inverter output. 
From (4), maximum voltage ripple can be bounded to(~% 
of 1-V de voltage as a design guideline for output waveform 
quality. Accordingly, the minimum boundary of required 
floating capacitance can be derived as follows. 

NOMINAL SWITCHING ANGLE SET BY NEAREST LEVEL MODULATION 

Angle a1 

(rad) 0.07149 0.21596 0.36521 0.52360 0.69822 0.90385 1.19055 

C. System Design Consideration 30 
2(7-Jd,) (JT/2-0:1) 2(7-Jd, (JT/2-0:1) 

Cb O > --- --- = -- ---□ 
us. - 6.vripple.max. 2n·Ji. /3%-Vdc. 2n·Ji. 

(5) 

D. Reactive Power Capability 
As an inverter, the hybrid BCMLI should be able to 

supply to not only resistive, but also reactive loads. There­
fore, various applications such as grid-tied inverter, static 
VAR generation, and certain motor drives can adopt the 

In the hybrid BCMLI system, maximum power rating and 
percentages of energy transfer in each CHB module can be 
different. Power ratings can be computed by the maximum 
output current 7-Ide period: pmax.o=O•VdJx(7-IdJ, pmax.1= 

(2-VdJX (7-IdJ and P max2=(4•VdJX(7•IdJ· Thus, ratings of 35 

LLC and H-bridge in each CHB module are proportional to 
their bus voltages. The percentage of energy transfer by the 
CHB module can be also calculated from FIG. 6. Total 
energy through the hybrid BCMLI can be computed by (2) 
using waveform symmetry. 40 proposed circuit. FIG. 7 shows waveforms of various volt­

ages and currents in the example BCMLI shown in FIG. 2 
for inductive loads. All the modulation schemes at indi­
vidual voltage levels remained unchanged; switching angles 
a 1-a 6 are still fixed as Table II and a 7 is used as the control 

(2) 

where 0j is the duration of j -V de voltage-level in radian angle 
which is equal to (aj+ 1-a) except 07=n:/2-a7. Similarly, 
energy delivery by the CHB module can be calculated as (3) 

4 [/2 
Eo = - Va.O · iad0 

21T 0 

(3) 

45 variable. By the proposed scheme, the varying range of a 7 

for inductive supply changes from resistive case. The ten­
dencies of charging/discharging periods and FCV wave­
forms also change. The variable a 7 is involved in charging 
at [a 7 ,n:/2] and discharging at [n:/2, n:-a 7 ]. As a result, the 

50 voltage of floating capacitor can be regulated at the desired 
level in an average manner by obtaining charge-balance 
during line cycles. 

55 

III. PROPOSED FCV CONTROL 

As mentioned in Section II, the amount of charging and 
discharging in Cbus.o can be balanced by an adjustable 
switching angle a 7 . However, this balanced charge by 
time-domain current accumulation may not guarantee that 

60 the average value of V bus.a will be at 1-V de· Therefore, a 
feedback FCV control with the control variable a 7 can be 
employed. The control design process is based, in part, on 
the assumption that load is resistive in FIG. 6. Analysis, 
design and simulation results are also discussed below. 

By using the nominal angle set in Table II, it can be noted 65 

that E0/E=0%, E 1/E=30.71 % and E2/E=69.29%. Equiva­
lently, it means that the second CHB module 210 and the 

A. Small-Signal Analysis 
For the sake of designing a feedback control, analysis of 

dynamic responses related to system variables can be con-
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sidered. According to FIG. 6, the floating capacitor Cbus.a 
experiences non-zero current operation when output volt­
age-level is at ±1-Vde, ±3-Vde, ±5-Vde and ±7-Vde· 

TABLE III 

STATE-SPACE EQUATIONS OF THE FLOATING 
CAPACITOR VOLTAGE 

Duration(s) State-space equation 

dt 

In Table III, the state-space equations of the capacitor are 
summarized with durations in positive half cycle. The FCV, 

16 
gain. Then, the phase margin throughout frequency range is 
90 degrees and the risk of instability of the closed-loop FCV 
control can be lowered. Moreover, even with proportional­
integral (PI) compensator, the phase effects of additional 

5 integral and a zero can be cancelled properly to obtain high 
margin at the cross-over frequency. Therefore, the described 
FCV control can be considered as being stable. From the 
physical circuit point of view in FIG. 5, the floating capaci­
tor with the described control can be considered as a 

10 bi-directional current source connected to load in series, 
confirming the stability of proposed FCV control. 

For the experimental verifications, the proposed FCV 
control discussed herein can be implement a PI compensator 

15 to remove steady-state errors in the 1-V de voltage. Because 
the fundamental frequency of inverter output is relatively 
low (e.g., about 60 Hz or the fundamental frequency of the 
output voltage), the dynamic of the proposed control doesn't 
need fast control bandwidth. The designed Hv (s) is formu-

20 lated in (9) and the PI gains are set to KP=0.01 and K;=0.05, 
respectively. The designed gains are implemented not only 
for frequency analysis, but also for experimental verifica­
tions in Section V. 

V bus.a can be defined as the state-space variable. Based on 
25 

those equations, state-space averaging can be conducted as (9) 

(6). 

(6) 30 
FIG. 10 shows example magnitude and phase plots related 

to the compensator Hv (s) shown in FIG. 9. In particular, in 
FIG. 10, the designed PI compensator Hv (s) and closed-loop 
gain Tv (s) are plotted together with identical specifications 
to those used in FIG. 8. The cross-over frequency of Tv (s) 
is located near 3 Hz with sufficient phase margin. The values 

where T 1 is the period of fundamental frequency f 1. After 
that, the averaged equation (6) can be perturbed to get 
small-signal dynamics at average operation point. Differen­
tial component can be expressed with frequency s-operator. 
Assuming that all the perturbed variables, except V bus.a and 
a 7 , are zero, the transfer function Gva(s) between the two 
variables can be formulated as (7). 

(7) 

Since (7) includes an integrator and no other pole/zero, its 
phase in the frequency domain is 90 degree. FIG. 8 shows 
example magnitude and phase plots Gva(s) with specifica­
tions of V de=lO0 V (v o.pk=700 V), P a=l kW, and cbus.a=l.8 
mF. The values shown in FIG. 8 are only example values for 
a particular specification, and that other specification values 
can lead to different magnitude and phase values. 

B. Control Design and Implementation 
With the derived transfer function Gva(s), a closed con­

trol-loop Tv (s) can be designed in the form of (8). 

35 shown in FIG. 10 are only example values for a particular 
specification, and that other specification values can lead to 
different magnitude and phase values. 

FIG. 11 shows a block diagram of an example controller 
for controlling the operation of a BCMLI shown in FIG. 2. 

40 In particular, in FIG. 11, the block diagram of the control 
system is described considering real implementation with 
digital signal processor (DSP). However, in some imple­
mentations, controllers other than digital signal processors 
can also be used. The controller includes: an FCV control, 

45 a voltage-level selection by nearest-level method and PWM 
modules. The angle a 7 is obtained from the compensator Hv 
(s) and is directly used to determine the real-time transitions 
between ±6-V de and ±7-V de· For the other angles a 1-a 6 , the 
calculated values in Table II can be used. Then, the CHB 

50 modulation signals are provided by the selected options in 
Table I to the three-CHE PWM modules. 

C. System Capability 
The hybrid BCMLI with the FCV control can implement 

certain system capabilities. First, as an inverter, the system 
55 can deal with both active and reactive loads for possible 

applications such as certain motor drives, and static VAR 
generator, and grid-tied inverters. FIG. 12 shows example 
simulation results of the hybrid BCMLI with FCV control 
with wide range of RL-loads and power factors. The speci-

60 fications are: V;n=l50 V (de-source), V de=lO0 V (V bus.a=lO0 
(S) V, vbus.1=200 V, vbus.2=400 V), cbus.a=l.8 mF, Vo=495 

where Hv (s) is the transfer function of compensator, and FM Vrms (700 Vpk), P 
0
=1-1.1 kV A and modulation index 

is the pulse-width-modulation (PWM) modulation gain. (M.L)=l. It should be noted the above specifications are only 
FIG. 9 shows a block diagram of an example FCV control. example values, and are non-limiting. Various other imple-
Since FM is generally a numerical coefficient, the control- 65 mentations may utilize various other specification values. 
loop Tv (s) can be in the same form as that in equation (7) Detailed RL-load values are organized in Table IV. As can be 
if the compensator Hv (s) is designed as proportional (P) seen from FIG. 12, the BCMLI system can supply both 
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R/RL-load types with well-regulated floating capacitor volt­
ages V bus.a at 100 V. The average floating capacitor voltage 
of 100 V has been selected as an example, and that any 
predetermined average value, other than 100 V may also be 
selected. The waveforms ofR-load in FIG. 12(a) and L-load 
in FIG. 12(d) show good agreement with the key waveforms 
in FIG. 6 and FIG. 7, respectively. It can be noted that even 
near purely reactive supply condition, the control variable 
a 7 keeps changing by the FCV controller and is able to 
regulate V bus.a at desired value in average. 

18 
For fair assessment, comparison target has been narrowed to 
single-phase CHB-based asymmetric cascaded multilevel 
inverters with a single de-source and three CHB modules. 

As mentioned above, some example trinary inverters 
adopt boost converter with charge-pumps and dual-half­
bridge as front-end HFL-converters. The one with charge­
pumps can regulate three bus-voltages by HFL-converters so 
that no floating capacitor exists, but its 1 ·V de and 3.Y de bus 
voltages rely on passive flow by charge pumps so that 

10 regulation flexibility could be an issue. Some other trinary 
inverters have dual-half-bridge between 1 ·V de and 3·V de 

capacitors which regulates both voltages by bi-directional 
power flow and connects a main de-source directly to 9·V de 

In addition to steady-state operations, transient situations 
such as start-up, load-step, voltage-step and frequency-step 
with voltage change can be accommodated by the BCMLI. 
FIG. 13 shows example simulation results of transient 
performance of the hybrid BCMLI with FCV control. In 15 

particular, in FIG. 13, transient simulation results of start-up 
and load-step are illustrated first. With the designed PI 
compensator in the previous subsection, the voltage V bus.a of 
floating capacitor starts up from O V to 100 V with slow but 
stable dynamics. In simulation, the limiter of a 7 after com- 20 

pensator is set with lower limit of sin- 1(6/7)=1.029 (rad) and 
upper limit of it/2=1.5707 (rad); for that reason, a 7 goes up 
from the low limit, stays saturated for a certain duration at 
the top limit, and then enters steady-state region with a 
smooth transient. For the load-step case in FIG. 13, output 25 

resistive load increases from 500 W (50%) to 1 kW (100%) 

bus. In terms of component counts, both trinary inverters 
have fewer numbers in HFL-converters than the hybrid 
BCMLI discussed herein. On the other hand, the asymmetric 
inverter in some other implementations utilizes only CHB­
stages without HFL-converters so that the topology has the 
simplest system structure of all. 

From the output quality point of view, some trinary 
inverters can produce 27-level output voltage with the 
lowest THD near 3%. Some inverters show the fewest 9 
output levels since their FCV control regulates the two 
floating capacitor voltages to symmetric value. Compared to 
them, the BCMLI discussed herein shows in-between output 
quality with 15-level voltage. 

TABLE V 

QUANTITATIVE COMPARISON WITH SINGLE DC-SOURCE ASYMMETRICAL CASCADED MULTILEVEL INVERTERS 

System Characteristics 

Asymmetric HFL-converters CHB stages Control 

Ref. source ratio Nmodule NSl1litch Ndiode Ntrans Neap Nswitch Nfloat.cap Va.level Mgain Isolation Reactive complexity 

[13] 1:3:9 12 0 27 Mboost X 1.44 No L-filter Mid 
[14] 1:3:9 2 4 0 4 12 2 27 1.228 No Unverified High 
[17] 1 :0.38:0.38 0 0 0 0 0 12 2 9 1.76 No Pure L Highest 

BCMLI 1:2:4 2 4 2 12 15 Mmod.2 X 1.75 Yes Pure L Lowest 

at peak output condition (t=2.99 s); the proposed FCV 
control responds well with timely changing a 7 • As a result, 
the average voltage still remains at about 100 V and the 
voltage ripple becomes twice by doubled discharging cur-
rent. 

FIG. 14 shows example simulation results of response to 
voltage step and frequency step of the hybrid BCMLI with 
FCV control. Control capabilities and proper responses 
under voltage-steps and frequency-steps are desired for most 
inverters; it is mainly because those situations are ordinary 
conditions that can happen frequently in those applications. 
For example, grid-tied inverter system may desire active/ 
reactive operations for 1-1.5 sec with low-voltage ride 
through under fault conditions. For some motor drive appli­
cations such as the air conditioning system, continuing 
operation is also desired during a short voltage interruption 
or voltage sag period. As can be seen from FIG. 14, the 
hybrid BCMLI can respond to transitions smoothly with the 
proposed FCV control. The simulation conditions contain 
voltage-steps between 80% to 100% modulation indexes and 
halved/doubled frequency-steps. 

IV. COMPARATIVE ASSESSMENT 

Comparative analysis of the BCMLI topology with FCV 
control with state-of-the-art topologies has been conducted. 

40 

45 

In the last four columns of Table V, several system 
characteristics are compared. First, voltage gain M ain is 
defined as v

0
-Pjv,n to evaluate voltage step-up capabiTity. In 

[13], the boost converter raises V,n to 9.Yde and the output 
peak is 13 .Y de; then, M~ain can be calculated by multipli­
cation of Mboost and 13/9. In [14], a de-source is used as 
9.Y de bus and modulation-index limit (0.85) exists so that 
Mgain is 13/9x0.85. The asymmetric inverter in [17] can 
synthesize output voltage up to 1.76 (=l+0.38+0.38) which 

50 is maximum Mgain• The hybrid BCMLI discussed herein 
can, in some implementations, have a gain Mmod. 2 between 
V,n and 4.Y de bus with the transformer design and secondary 
voltage doubler in FIG. 3 (Mmod_ 2 =2xri,rans_ 2 ). Since the 
output peak ofBCMLI is 7·Vde' the Mgain can be expressed 

55 by Mmod_ 2 x7 I 4, which shows that the BCMLI has the highest 
relative voltage gain. 

Besides the relatively higher gain, the BCMLI system 
discussed herein is the only topology that can provide 
thorough galvanic isolation between input and output, which 

60 is desirable for high voltage, high power inverter applica­
tions. 

In aspect of reactive power capability, the trinary inverter 
in [13] operates with a small L-filter of which power factor 
is close to resistive-load case; the one in [14] has no RL load 

65 verification, while the asymmetric inverter in [ 17] and the 
BCMLI discussed herein are proven to have reactive power 
capability up to near purely inductive load. 
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Lastly, the hybrid BCMLI discussed herein uses a rela­
tively simpler control structure with the FCV control in a 
single-loop. On the other hand, the trinary inverters in 
[13][14] utilize dual-loop PI control and dual-loop PI control 
plus dual-half-bridge regulation, respectively. Additional 
signal jumping scheme is necessary in [13] for regenerative 
power suppression and the control in [14] has limits of 
modulation index and power. Among all, the control algo­
rithm in [17] has the highest complexity; it also has non­
reachable region, instability issue and corresponding volt- 10 

age-ratio limits. 

ripple waveform in FIG. 16. With 1-kW load, the steady­
state voltage ripple is about 2.4 V, showing matched results 
to simulation. 

In FIG. 17, a set of different power-factor operations are 
tested with RL-load variations. The load specifications are 
identical to FIG. 12 from Table IV. It can be noted that the 
proposed FCV control can perform 100-V regulations under 
both active and reactive power supplying conditions. The 
voltage variations of floating capacitor V bus.a shows good 
agreement with the tendencies described in FIG. 6 and FIG. 
7. All waveforms appear to be well-matched to the simula-

From the review of the state-of-the-art topologies in [13], 
[14], [17] and the BCMLI discussed herein, it can be noted 
that the advantages such as, high voltage-gain design, input-

15 
output galvanic isolation, pure reactive-power supply and 
stability without losing modulation index are obtainable at 
the same time. Low control complexity is another advantage 

tion results in FIG. 12. Moreover, the influence of adjustable 
a 7 can be found from FIG. 17 due to the fact that the value 
of a 7 decreases and the ± 7 ·V de periods become adjusted as 
load gets more resistive or inductive, which shows effec-
tiveness of the proposed FCV control. In addition, the 
measured THD curve by PF in FIG. 18 shows that the output 
voltage distortion remains almost similar level by the pro-of the BCMLI discussed herein. 

Based on relative advantages of the hybrid BCMLI, the 
topology is well suited for high-voltage inverter (grid-tied/ 
standalone) and drive applications in terms of load types; it 
is also suitable for high-power distributed source applica­
tions (e.g. PV farm, UPS) in aspect of source types. 

In order to verify feasibility of the single-source hybrid 
BCMLI system and effectiveness of the proposed FCV 
control, a laboratory-scale prototype has been built as shown 
in FIG. 15. As can be seen, one third of front-end HFL 
converters are removed (as compared to the structure dis­
cussed above in relation to FIG. lB) as indicated by the 
top-left dotted box and three back-end CHB-stages synthe­
size the 15-level output waveform from the bus voltages in 
binary ratios. Due to the reduction by the proposed FCV 
control, the power density has been increased by 25%. 
Target ratings are 495 vrms (700 vpk) output voltage and 
1-kW power level from a 160-V single de-source. The 
details of the experimental specifications are summarized in 
Table VI. The converter voltage gain Mmod. 2 between v,n and 
vbus.2 is designed to 2.5 and the system voltage gain Mgain 

(=vopJv,n) is 4.375. 

TABLE VI 

PARAMETERS OF EXPERIMENTAL SETUP 

System specifications 

Vin 160 V po 1 kW(100%) 

Vbus.O 100 V (-Vdc) Cbus.O 1.8 mF 

Vbus. 1 200 V f1 60 Hz 

Vbus.2 400 V f,amp 20 kHz 
Vo 495 Vrm, (700 Vpk) DSP TMS320F28377D 

HFL-converters (FIG. 3) 

Lr_i, Cr.I 2.2 µH, 11.0 nF Switches GS66516T 

Lr.2o Cr.2 1.7 µH, 13.5 nF Diodes SCS210KE2 
fr.! 1.02 MHz ntrans.l 6/10 
fr.2 1.05 MHz ntrans.2 11/9 
fsw.ILC 1 MHz Cb 0.33 µF 

CHB stages (FIG. 4) 

Cbus.1/2 2.2 mF Switches C3M0075120 

20 posed FCV control regardless of load type and correspond­
ing power factor variations; the measured results also show 
good agreements with simulated THD in Table IV. 

The hybrid BCMLI with the FCV control has been also 
verified for three transient situations, as shown in FIGS. 

25 19A-19C. First, start-up response of the FCV control at 1 
kW condition is tested. Bus voltages vbus.l and Vbus. 2 are 
regulated to 200 V and 400 V by LLC converters. When the 
FCV control is activated in FIG. 19A, the control variable a 7 

starts increasing and comes down to steady-state after 
30 remaining at upper limit rri2 for a short duration. Based on 

the designed PI compensator, the FCV control confirms 
stable start-up transition and designated Vbus.o value after 
settling time. Second, load transient is tested by load-step 
from half to full load and shown in FIG. 19B. The proposed 

35 FCV control responds with the a 7 variation and accom­
plishes stable load transition. Lastly, the voltage-step tran­
sients of the hybrid BCMLI are verified through output 
voltage drop and restore processes, as shown in FIG. 19C. 
The dropped period has been continued for 2 seconds and 

40 then restored. For drop and restore, the proposed FCV 
control responds appropriately with settling times of 80 ms 
and 120 ms, respectively. The experimental waveforms of 
three transient tests in FIGS. 19A-19C are well-matched to 
those of simulation results in FIG. 13 and FIG. 14. 

45 System efficiency and output THD versus load level have 

50 

55 

been measured and plotted in FIG. 20. For this measure­
ment, different levels of resistive load are used. The effi­
ciency is recorded maximum about 98% at full power and it 
gets lower with lighter load. Since the CHB stages operate 
with low fundamental switching frequency, the CHB switch­
ing losses are negligible; conduction losses in CHB stages 
are also relatively small due to low on-resistance utilization 
of CHB device. It means that the efficiencies of HFL­
converters in the hybrid BCMLI are dominant with respect 
to system efficiency. Therefore, if device operation frequen­
cies and magnetic design of front-end HFL-converters can 
be optimized to a desirable level in terms of efficiency and 
loss, it is expected for the hybrid BCMLI to achieve further 
improvement in the system efficiency. 

FIG. 16 shows steady-state waveforms of the hybrid 60 

BCMLI system with different power levels. Here, purely 
resistive loads have been used first. As can be seen, regard­
less of the power level, the proposed FCV control achieves 
100 V bus voltage and charge-balance of the floating capaci­

THD value can serve as a basic index of output-voltage 
waveform quality. Thus, the asymmetry in waveform caused 
by floating capacitor voltage ripple can influence the index. 
However, as can be observed from FIG. 20, the proposed 
FCV control can provide excellent THD values for wide 

tor by adjusting the switching angle a 7 • As analyzed previ­
ously, discharging periods can occur at the highest voltage 
level; the tendency can be found from the 1-kW zoom-in 

65 load range with maximum difference 0.028%. From FIG. 18 
and FIG. 20, it can be noted that the hybrid BCMLI topology 
with the proposed FCV control can maintain the 15-level 



US 11,990,849 B2 
21 

output voltage waveform and make its THD distortion factor 
remained at certain range around 6.4% without any inductor 
or filters. 

22 
module 2114, a second CHB module 2116, and a third CHB 
module 2118, while the Module B 2104 includes a fourth 
CHB module 2120, a fifth CHB module 2122, and a sixth 
CHB module 2124 ( details of the CHB modules are dis-
cussed above such as, for example, in relation to FIGS. 2 and 
4). Input terminals of the first HFL-converter 2106, the 
second HFL-converter 2108, the third HFL-converter 2110 
and the fourth HFL-converter 2112 are coupled with an 
input voltage V dc The output of the first HFL-converter 

In some examples, the input terminals of more than one 
CHB module can be coupled with capacitors. For example, 5 

referring to FIG. 2, the HFL circuitry coupled with the 
second CHB module 210 and providing the voltage V bus.I is 
replaced with a capacitor Cbus.l coupled across the input 
terminals of the second CHB module 210. The FCV controls 
system discussed above can be used to maintain the voltage 
across each floating capacitor. 

10 
2106 is 4V de' and the output of the second HFL-converter 
2108 is 2V dc Similarly, the output of the third HFL­
converter 2110 is 4V de' and the output of the fourth HFL­
converter 2112 is 2V dc The outputs of the first HFL­
converter 2106 and the second HFL-converter 2108 are 

In some examples, multiple BCMLI systems (such as for 
example the BCMLI system 200 discussed above in relation 
to FIG. 2) can be stacked to achieve higher output voltages 

15 
and/or higher output voltage levels. The multiple BCMLI 
systems can be coupled in a cascade formation, in a manner 
similar to how individual CHB modules within the BCMLI 
system are coupled. That is, the positive output terminal of 

respectively coupled with the inputs of the first CHB module 
2114 and the second CHB module 2116. The input terminals 
of the third CHB module 2118 are coupled with a floating 
capacitor. The Module B 2104 is configured in a manner 
similar to Module A 2102. The output terminals of the CHBs 

a BCMLI system is coupled with a negative output terminal 
of a preceding BCMLI system of the stacked BCMLI 
systems. The output voltage of the stacked BCMLI system 
is determined between the positive output terminal of the 
first BCMLI system in the stack and the negative output 
terminal of the last BCMLI system in the stack. 

20 
of are coupled in a cascade configuration. And the output 
voltage V

0 
is measured between the positive terminal of the 

sixth CHB module 2124 and the negative terminal of the first 
CHB module 2114. Table VII below provides an example 
binary-code truth table for the BCMLI modulations. Based 

FIG. 21 shows one example configuration of a stacked 
BCMLI system 2100. The stacked BCMLI system 2100 
includes Module A 2102 and Module B 2104, where each of 
the Module A 2102 and Module B 2104 can include a 

25 
on the structure in FIG. 21 and FIG. 5 (in relation to each 
module), the stacked BCMLI system 2100 can synthesize 29 
level output from +14.Yde to -14·Vdc 

BCMLI system similar to that discussed above in relation to 
30 

FIG. 2. For example, Module A 2102 includes a first 
HFL-converter 2106 and a second HFL-converter 2108, and 
Module B 2102 includes a third HFL-converter 2110 and a 
fourth HFL-converter 2112 (details of the HFL-converters 
are discussed above such as, for example, in relation to 
FIGS. 2 and 3). The Module A 2102 includes a first CHB 

While FIG. 21 shows only two stacked BCMLI modules, 
it is understood that more than two BCMLI modules can be 
stacked in a manner similar to that shown in FIG. 21. 
Further, in some examples, the number of CHBs or the 
number of HFL-converters in at least one module can be 
different from the corresponding number of CHBs or HFL 
converters in another module. Similarly, one or more mod­
ules can have none or more than one CHBs that have their 
respective input terminals coupled with a floating capacitor. 

TABLE VII 

MODULATION SCHEMES OF STACKED BCMLI 

Module a Module b 

Vo vo.2a Vo.la v 0 _0a FCV-a Circuit Vo.2b Vo.lb V 0 _0b FCV-b Circuit 

+14 +4 +2 +1 FC discharged C +4 +2 +1 FC discharged C 
+13 +4 +2 0 +4 +2 +1 FC discharged C 
+12 +4 +2 0 +4 +2 0 
+11 +4 +2 0 +4 +2 -1 FC charged B 
+10 +4 +2 0 +4 0 0 

+9 +4 +2 -1 FC charged B +4 0 0 
+8 +4 0 0 +4 0 0 
+7 +4 0 -1 FC charged B +4 0 0 
+6 +4 0 0 0 +2 0 
+5 0 +2 0 +4 0 -1 FC charged B 
+4 0 +2 0 0 +2 0 
+3 0 +2 -1 FC charged B 0 +2 0 
+2 0 +2 0 0 0 0 
+1 0 0 0 0 +2 -1 FC charged B 

0 0 0 0 0 0 0 
-1 0 0 0 0 0 +1 FC charged A 
-2 0 0 0 0 -2 0 
-3 0 0 -1 FC charged A 0 -2 0 
-4 0 -2 0 0 -2 0 
-5 0 -2 -1 0 -2 0 
-6 -4 0 0 FC charged A 0 -2 0 
-7 -4 0 0 -4 0 +1 FC charged A 
-8 -4 0 0 -4 0 0 
-9 -4 -2 +1 FC charged A -4 0 0 

-10 -4 -2 0 -4 0 0 
-11 -4 -2 0 -4 -2 +1 FC charged A 
-12 -4 -2 0 -4 -2 0 
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TABLE VII-continued 

MODULATION SCHEMES OF STACKED BCMLI 

Module a Module b 

Vo vo.2a Vo.la vo.Oa FCV-a Circuit vo.2b Vo.lb Vo.Ob FCV-b Circuit 

-13 -4 -2 0 -4 -2 -1 FC discharged D 
-14 -4 -2 -1 FC discharged D -4 -2 -1 FC discharged D 

VI. CONCLUSION 

At least one embodiment of a single-source hybrid 
BCMLI system based on front-end HFL-converters has been 15 
discussed herein. The system regulates three bus voltages in 
binary proportion ( e.g., as (1 :2:4).Y de) by the proposed FCV 
control and HFL-converters. Back-end CHB stages synthe­
size a multi-level (e.g., 15-levels, 7-levels, etc.) output 
voltage waveform. Compared to conventional HFL-based 20 

BCMLI, the proposed system can remove one or more 
HFL-converters for an input DC bus so that component 
counts, size and cost can be significantly reduced. The FCV 
control can achieve both charge-balancing and average 
voltage regulation of the floating capacitor without losing 25 

modulation index. While removing a part of front-end 
converters, input-output galvanic isolation and high step-up 
gain are still obtainable with remained HFL-converters; a 
wide range of power-factor operations including purely 
reactive load is another advantage of the FCV control. The 30 

comparative assessment with state-of-the-art hybrid MLI 
topologies confirms that concurrent attainment of high step-
up gain, isolation capability and highly reactive-power sup­
ply is provided by the topology. Thus, it can be concluded 
that the hybrid BCMLI with proposed FCV control has 35 

competitiveness in high-voltage high-power inverter appli­
cations. 
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Various modifications to the implementations described in 

this disclosure may be readily apparent to those skilled in the 
art, and the generic principles defined herein may be applied 
to other implementations without departing from the spirit or 
scope of this disclosure. Thus, the claims are not intended to 10 

be limited to the implementations shown herein, but are to 

26 
5. The multi-level inverter of claim 1, wherein the con­

troller is configured to selectively control at least one 
H-bridge cell of the m H-bridge cells to discharge the 
respective capacitor to its respective output terminals when 
the voltage output of the multi-level inverter is at its peak 
positive or peak negative value. 

6. The multi-level inverter of claim 5, wherein the con­
troller is configured to selectively control at least one 
H-bridge cell of the m H-bridge cells to charge the respec­
tive capacitor from its respective output terminals when the 
voltage output of the multi-level inverter is not at its peak 
positive or peak negative value. 

be accorded the widest scope consistent with this disclosure, 
the principles and the novel features disclosed herein. 

What is claimed is: 
1. A multi-level inverter, comprising: 

7. The multi-level inverter of claim 1, wherein n of then 

15 
H-bridge cells is greater than m of them H-bridge cells. 

n H-bridge cells, each H-bridge cell of the n H-bridge 
cells configured to selectively provide at its output 
terminals one of: a zero voltage, a positive polarity of 

8. The multi-level inverter of claim 7, wherein the con­
troller configured to vary the at least one switching instance 
of the set of switching instances in the first half-cycle and the 
second half-cycle to maintain average voltages of the at least a voltage at its input terminals, and a negative polarity 

of the voltage at its input terminals, wherein the cor­
responding input terminals of each H-bridge cell of the 
n H-bridge cells is configured to be coupled to one of 

20 one capacitor associated with them H-bridge cells at their 
corresponding predetermined value. 

n DC voltage sources, wherein at least two of then DC 
voltage sources have different voltage magnitudes; 

9. The multi-level inverter of claim 8, wherein the con­
troller is configured to vary at least one switching instance 
of the set of switching instances in the first half-cycle and the 

m H-bridge cells, each H-bridge cell of the m H-bridge 
cells having a capacitor coupled in parallel with its 
input terminal, the each H-bridge cell of the m H-bridge 
cells configured to selectively provide one of: charging 
the capacitor from its output terminals, discharging the 
capacitor to its output terminals, and providing zero 
voltage at its output terminals, wherein then H-bridge 
cells and the m H-bridge cells are connected in a 
cascade formation such that a voltage output of the 
multi-level inverter is equal to at least a sum of output 
voltages of the n H-bridge cells and the m H-bridge 
cells; and 

25 second half-cycle such that an average charge into at least 
one capacitor associated with the m H-bridge cells is sub­
stantially equal to zero over the first half-cycle and second 
half-cycle. 

10. The multi-level inverter of claim 9, wherein the at 
30 least one switching instance is associated with the output 

voltage of the multi-level inverter having a positive or 
negative peak value. 

11. The multi-level inverter of claim 1, wherein the 

a controller coupled with then H-bridge cells and them 
H-bridge cells configured to: 

35 
controller configured to vary at least one switching instance 
of the set of switching instances in the first half-cycle and the 
second half-cycle based on deviation of voltage of at least 
one capacitor associated with the m H-bridge cells from 

determine a first half-cycle period and a second sub­
sequent half-cycle period of a same duration as the 40 

first half-cycle period, each of the first half-cycle 
period and the second half-cycle period including a 
set of switching instances, wherein each switching 
instance in the set of switching instances is deter­
mined at least in part based upon the voltage mag- 45 

nitudes of each of the n DC voltage sources, and 
selectively control the n H-bridge cells and the m 

H-bridge cells at each switching instance of the set of 
switching instances of the first half-cycle period to 
generate a step-wise increasing followed by a step- 50 

wise decreasing voltage output of the multi-level 
inverter and selectively control then H-bridge cells 
and them H-bridge cells at each switching instance 
of the set of switching instances of the second 
half-cycle period to generate a step-wise decreasing 55 

followed by a step-wise increasing voltage output of 
the multi-level inverter. 

2. The multi-level inverter of claim 1, further comprising 
the n DC voltage sources, wherein the corresponding input 
terminals of each H-bridge cell of the n H-bridge cells is 60 

coupled to a DC voltage source of then DC voltage sources. 
3. The multi-level inverter of claim 1, wherein then DC 

voltage sources have progressively increasing voltage val­
ues. 

4. The multi-level inverter of claim 3, wherein then DC 65 

voltage sources have values progressively increasing by a 
power of 2. 

their corresponding predetermined value. 
12. A method for controlling a multi-level inverter includ­

ing: 
n H-bridge cells, each H-bridge cell of the n H-bridge 

cells configured to selectively provide at its output 
terminals one of: a zero voltage, a positive polarity of 
a voltage at its input terminals, and a negative polarity 
of the voltage at its input terminals, wherein the cor-
responding input terminals of each H-bridge cell of the 
n H-bridge cells is configured to be coupled to one of 
n DC voltage sources, wherein at least two of then DC 
voltage sources has a different voltage magnitudes; and 

m H-bridge cells, each H-bridge cell of the m H-bridge 
cells having a capacitor coupled in parallel with its 
input terminal, each H-bridge cell configured to selec­
tively provide one of: a charging the capacitor from its 
output terminals, a discharging the capacitor to its 
output terminals, and a providing zero voltage at its 
output terminals, wherein then H-bridge cells and the 
m H-bridge cells are connected in a cascade formation 
such that a voltage output of the multi-level inverter is 
equal to at least a sum of output voltages of the n 
H-bridge cells and the m H-bridge cells, the method 
comprising: 

determining a first half-cycle period and a second subse­
quent half-cycle period of a same duration as the first 
half-cycle period, each of the first half-cycle period and 
the second half-cycle period including a set of switch-
ing instances, wherein each switching instance in the 
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set of switching instances is determined at least in part 
based upon the voltage magnitudes of each of the n DC 
voltage sources, 

selectively controlling the n H-bridge cells and the m 
H-bridge cells at each switching instance of the set of 
switching instances of the first half-cycle period to 
generate a step-wise increasing followed by a step-wise 
decreasing voltage output of the multi-level inverter 
and ' 

28 
17. The method of claim 12, wherein n of the n H-bridge 

cells is greater than m of them H-bridge cells. 
18. The method of claim 17, further comprising: 
varying the at least one switching instance of the set of 

switching instances in the first half-cycle and the sec­
ond half-cycle to maintain average voltages of the at 
least one capacitor associated with them H-bridge cells 
at their corresponding predetermined value. 

selectively controlling the n H-bridge cells and the m 10 
H-bridge cells at each switching instance of the set of 
switching instances of the second half-cycle period to 
generate a step-wise decreasing followed by a step­
wise increasing voltage output of the multi-level 
inverter. 15 

19. The method of claim 12, further comprising: 
varying at least one switching instance of the set of 

switching instances in the first half-cycle and the sec­
ond half-cycle based on deviation of voltage of at least 
one capacitor associated with them H-bridge cells from 
their corresponding predetermined value. 

20. The method of claim 12, further comprising: 
varying at least one switching instance of the set of 

switching instances in the first half-cycle and the sec­
ond half-cycle such that an average charge into at least 
one capacitor associated with the m H-bridge cells is 
substantially equal to zero over the first half-cycle and 
second half-cycle. 

13. The method of claim 12, wherein then DC voltage 
sources have progressively increasing voltage values. 

14. The method of claim 13, wherein the n DC voltage 
sources have values progressively increasing by a power of 
2. 

15. The method of claim 12, further comprising: 
selectively controlling at least one H-bridge cell of them 

H-bridge cells to discharge the respective capacitor to 
its respective output terminals when the voltage output 
of the multi-level inverter is at its peak positive or peak 
negative value. 

16. The method of claim 12, further comprising: 
selectively controlling at least one H-bridge cell of them 

H-bridge cells to charge the respective capacitor from 
its respective output terminals when the voltage output 
of the multi-level inverter is not at its peak positive or 
peak negative value. 

20 

21. The method of claim 20, wherein the at least one 
switching instance is associated with the output voltage of 

25 
the multi-level inverter having a positive or negative peak 
value. 

22. The method of claim 12, wherein the multi-level 
inverter further includes the n DC voltage sources, wherein 
the corresponding input terminals of each H-bridge cell of 

30 
then H-bridge cells is coupled to a DC voltage source of the 
n DC voltage sources. 

* * * * * 
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