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Abstract
This paper proposes multilevel topologies based on the concept of nested arrangement. Such topologies
are called nested multilevel converters, since the central point of the legs are connected at the same
point, with the external legs involving the internal ones. Nested configurations present advantages as
compared to the equivalent NPC topologies in terms of reduced number of diodes and consequently
higher efficiency. In addition to proposing a new family of power electronics converters, this paper
presents an optimized pulse width modulation strategy that allows synthesizing voltage waveforms with
higher quality, a losses comparison with the NPC topology, and a general comparison with other
topologies proposed in the technical literature. Simulated and experimental results are presented to
validate the theoretical expectations.
Keywords:Renewable Energy Source, micro grid, smart grid, solar energy, wind farm.

1. Introduction More recently, the multilevel converters have

MULTILEVEL converters were first conceived found acceptancein low-power applications

for highvoltageand high-power applications.
The neutral-pointclamped(NPC) inverter was
first proposed in [1]. Since then,many
configurations have been proposed [2]-[4] to
establishthe highly desirable characteristics for
high-power  applications,such as  reduced
waveform  distortion and low blocking
voltageby switching devices [5]. Besides the
NPC, other principal configurationsare flying
modular

capacitor, cascade, and

multilevelconverters [6]-[12].

(e.g., in photovoltaic systems[13]-[15]), since it

is possible to generate  high-quality
voltagewaveforms with power semiconductor
switches operatingat a frequency near the
fundamental [16]. Also, the number ofthe input
dc-sources, in this application, is not longer
restricted[17]. Even considering just one dc
voltage source available, it ispossible to employ
multilevel converters with different dc-

linksources requirement, as done in [18].
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This paper investigates multilevel topologies

based on theconcept of nested arrangement.
Such topologies are callednested multilevel
converters because the central point of the
legsare connected at the same point, with the
external leg involvingthe internal one, as
observed in Fig. 1. Fig. 1(a)-(c) shows
thenested multilevel converter for four-, five-,
and six-level outputvoltage, respectively. An
auxiliary resonant pole applied to thethree-level
nested cell has been considered in [19] and
[2].Although the authors in [19] and [2] employ
the term nestedtopology, the circuits are
different from the topologies presentedin Fig. 1.
The five-level converter presented in Fig. 1(b)
was proposedby [2]. The main contribution of
this paper is to furnish aformal presentation of
the nested multilevel configuration fromfour
level to n-level. When compared to NPC
topologies, thestudied configurations can be
considered as an interesting optionfor
applications that demand a number of levels
higher than orequal to four, since as far as the
number of levels increase higheris the reduction
on the number of diodes employed.
Simulatedand experimental results are presented

to validate the theoreticalexpectations.
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Fig. 1. Nested multilevel configurations with (a)

four level, (b) five level, and(c) six level.
2. Related work
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An inverter is an electrical device that converts

direct current (DC) to alternating current (AC);

the converted AC can be at any required voltage
and  frequency  with  the use  of
appropriatetransformers, switching, and control
circuits.Static inverters have no moving parts
and are used in a wide range of applications,
supplies in

from small switching power

computers, to large electric utilityhigh-voltage
direct currentapplications that transport bulk
power. Inverters are commonly used to supply
AC power from DC sources such as solar panels

or batteries.

The electrical inverter is a high-power electronic
oscillator. It is so named because early

mechanical AC to DC converterswere made to

work in reverse, and thus were “inverted", to
convert DC to AC. The inverter performs the
opposite function of a rectifier

2.1 Cascaded H-Bridges inverter

A single-phase structure of an m-level cascaded
inverter is illustrated in Figure 31.1. Each
separate dc source (SDCS) is connected to a
single-phase full-bridge, or H-bridge, inverter.
Each inverter level can generate three different

voltage outputs, +V, 0, and -V, by connecting

the dc source to the ac output by different

combinations of the four switches, Sl, 82, 83,

and S4. To obtain +Vd , switches S, and S, are
C 1 4

turned on, whereas -V 4 can be obtained by

turning on switches S,and S,. By turning on S,
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and S,or S;and S, the output voltage is 0. The

ac outputs of each of the different full-bridge
inverter levels are connected in series such that
the synthesized voltage waveform is the sum of
the inverter outputs. The number of output
phase voltage levels m in a cascade inverter is
defined by m = 2s+1, where s is the number of
separate dc sources. An example phase voltage
waveform for an 11-level cascaded H-bridge
inverter with 5 SDCSs and 5 full bridges is
shown in Figure 31.2. The phase voltage v, =
V HV, VvV +V

For a stepped waveform such as the one
depicted in Figure 31.2 with s steps, the Fourier

Transform for this waveform follows

4F ; ) )
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Single-phase structure of a multilevel
cascaded H-bridges inverter

Page |1625

sin(

H
1

i



International Journal of Research

) International Journal of Research
Available at https://edupediapublications.org/journals

A
1\

p-ISSN: 2348-6848
e-ISSN: 2348-795X

P

R
an

ET7]

M.
a4
3]
l’u
F
i Y
i

Output phase voltage waveform of an 11-level

cascade inverter with 5 separate dc sources.

The magnitudes of the Fourier coefficients when

normalized with respect to V,_are as follows:

Hin)= i[ws{nfil |+ cos(nf J+...+ cos(nf ]l . wheren=1357, ..
m

The conducting angles, 0,, 0,, ..., 6, can be

chosen such that the voltage total harmonic
distortion is a minimum. Generally, these angles

are chosen so that predominant lower frequency

th
harmonics, 5th, 7th, 11th, and 13 , harmonics

are eliminated [5]. More detail on harmonic
elimination techniques will be presented in the
next section.

Multilevel cascaded inverters have been
proposed for such applications as static var
generation, an interface with renewable energy
sources, and for battery-based applications.
Three-phase cascaded inverters can be
connected in wye, as shown in Figure 31.3, or in
delta. Peng has demonstrated a prototype
multilevel cascaded static var generator
connected in parallel with the electrical system

that could supply or draw reactive current from
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an electrical system [2-18]. The inverter could
be controlled to either regulate the power factor
of the current drawn from the source or the bus
voltage of the electrical system where the
inverter was connected. Peng [2] and Joos [4]
have also shown that a cascade inverter can be
directly connected in series with the electrical
system for static var compensation. Cascaded
inverters are ideal for connecting renewable
energy sources with an ac grid, because of the
need for separate dc sources, which is the case
in applications such as photovoltaic’s or fuel

cells.

Cascaded inverters have also been proposed for
use as the main traction drive in electric
vehicles, where  several batteries or
ultracapacitors are well suited to serve as
SDCSs [9, 6]. The cascaded inverter could also
serve as a rectifier/charger for the batteries of an
electric vehicle while the vehicle was connected
to an ac supply as shown in Figure 31.3.
Additionally, the cascade inverter can act as a
rectifier in a vehicle that uses regenerative

braking.

g A~
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will enable the manufacturing process to

electric vehicle motor drive and battery be done more quickly and cheaply.

charging. Disadvantages:

The main advantages and disadvantages of Separate dc sources are required for each of the

multilevel cascaded H-bridge converters are as H-bridges. This will limit its application to

follows products that already have multiple SDCSs

Advantages: readily available.

e The number of possible output voltage 3. Implementation

levels is more than twice the number of Flying-capacitor six-level inverter redundant

dc sources (m = 2s + 1). voltage levels and corresponding switch

e The series of H-bridges makes for states

modularized layout and packaging. This

Switch State
WVoltage Fao S | Soa | Sz | Sus | Sz | Sos | Saa | Sos | Snz | 5o
Fan = 3V4- (o redundancies)
5 Ve [+ ] 1+ JT 1] 1+ J1 ] o] o] o] o] o
Voo = 4 VG- (4 redundancies)
I VFac - Ve 1 1 1 1 (o] (o] [o] (o] Lo] 1
2V g o 1 1 1 1 1 4] o 5] o
IVae- - Vg + 3V 1 (0] 1 1 1 (o] 1 (o] Lo] [e]
SVac - IVac + 2Viac 1 1 (] 1 1 (] [0] 1 (0] [w]
SVac - 2Vac + Vac 1 1 1 [0] 1 (] [0] (o] 1 [w]
Fao = 3Va- (3 redundancies)
S Vae - 2 Ve 1 1 1 (8] (8] (0] (8] (o] 1 1
F Ve — Ve o] 1 1 1 (o] 1 0 [s] 0 1
3 Fac (] (] 1 1 1 1 1 (] 0 (o]
SVaer - 4Va: + 3IVa: - Fac 1 o] 1 1 O (o] 1 (o] Lo] 1
SVac - IVae + Ve 1 1 (8] (o] 1 (o] [o] 1 1 [e]
A Vde - 2Vac + Vac L] 1 1 [a] 1 1 (8] 1 [#]
VFao = 2Fdc- (0 redundancies)
I Vae - 3 Vac 1 1 (8] O O (o] (8] 1 1 1
SVac - ¥Vae + Ve 1 (0] (8] (o] 1 (o] 1 1 1 [e]
L Vae — 2 Ve L] 1 1 [a] [a] 1 [a] (8] 1 1
LV - 3Vac + Vae (0] 1 (] (8] 1 1 (8] 1 1 (]
AV - V- 6] ) 1 1 0 1 1 ) 0 1
FVac - 2Vac + Vac Lo] L] 1 0] 1 1 1 (o] 1 (o]
2VFac L] (] ] 1 1 1 1 1 Lo] [0 ]
Fao = Vi (4 redundancies)
SVac - ¥Vac 1 (0] (o] [o] [o] (o] 1 1 1 1
FVFade - F Ve (] 1 (] [0] [0] 1 [0] 1 1 1
IV4 - 2Va o o 1 o o 1 1 o 1 1
2 Vae - Ve (0] (4] (] 1 (8] 1 1 1 (] 1
Fac (] (] (] [0] 1 1 1 1 1 (]
Fao = @ ino redundancies)
7] | [5) | 0 | 0 | 5] | 5] | 1 1 1 1 1
3.1 Other Multilevel Inverter Structures proposed; however, most of these are “hybrid”
Besides the three basic multilevel inverter circuits that are combinations of two of the basic
topologies  previously  discussed,  other multilevel topologies or slight variations to
multilevel converter topologies have been them. Additionally, the combination
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multilevel power converters can be designed to
match with a specific application based on the
basic topologies. In the interest of completeness,
some of these will be identified and briefly

described.

A. Generalized Multilevel Topology

Existing multilevel converters such as diode-
clamped and capacitor-clamped multilevel
converters can be derived from the generalized
converter topology called P2 topology proposed
by Peng [4] as illustrated in Figure 31.8. The
generalized multilevel converter topology can
balance each voltage level by itself regardless of
load characteristics, active or reactive power
conversion and without any assistance from
other circuits at any number of levels
automatically. Thus, the topology provides a
complete multilevel topology that embraces the
existing multilevel converters in principle.
Figure 31.8 shows the P2 multilevel converter
structure per phase leg. Each switching device,
diode, or capacitor’s voltage is 1V, for
instance, 1/ (m-1) of the DC-link voltage. Any
converter with any number of levels, including
the conventional bi-level converter can be

obtained using this generalized topology [1, 4].

Generalized P2 multilevel converter topology

for one phase leg.

B. Mixed-Level Hybrid Multilevel Converter
To reduce the number of separate DC sources
for high-voltage, high-power applications with
multilevel  converters, diode-clamped or
capacitor-clamped converters could be used to
replace the full-bridge cell in a cascaded
converter [5]. An example is shown in Figure
31.9. The nine-level cascade converter
incorporates a three-level diode-clamped
converter as the cell. The original cascaded H-
bridge multilevel converter requires four
separate DC sources for one phase leg and
twelve for a three-phase converter. If a five-
level converter replaces the full-bridge cell, the
voltage level is effectively doubled for each cell.
Thus, to achieve the same nine voltage levels
for each phase, only two separate DC sources

are needed for one phase leg and six for a three-
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phase converter. The configuration has mixed-

level hybrid multilevel units because it embeds S,

multilevel cells as the building block of the

cascade converter. The advantage of the "

topology is it needs less separate DC sources.

The disadvantage for the topology is its control

N

Zero-voltage switching capacitor-clamped

_|
T inverter circuit.
_|

B Some  soft-switching methods can be

4 implemented for different multilevel converters

k3
i

g_— C. Soft-Switched Multilevel Converter
F 1

%l

to reduce the switching loss and to increase

= efficiency. For the cascaded converter, because

each converter cell is a bi-level circuit, the

implementation of soft switching is not at all

——O different from that of conventional bi-level

i converters. For capacitor-clamped or diode-

-4 clamped converters, soft-switching circuits have

been  proposed with  different  circuit

will be complicated due to its hybrid structure. — e
combinations. One of soft-switching circuits is a

zero-voltage-switching type which includes

Mixed-level hybrid unit configuration using the -
auxiliary resonant commutated pole (ARCP),

three-level diode-clamped converter as the . . .
coupled inductor with zero-voltage transition

cascaded converter cell to increase the voltage ) .
(ZVT), and their combinations [1, 6] as shown

in Figure 31.10.

levels.
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4. Experimental Work
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5. Conclusion
This paper has proposed a family of multilevel
converters based on the concept of nested
arrangement. The main advantage of the nested
configurations compared to the equivalent NPC
topologies are in terms of reduced number of
diodes employed and higher efficiency. It has
been demonstrated that the conduction losses of
the proposed nested topologies are lower than
Also, the

strategy allows

the equivalent NPC converter.

generalized hybrid PWM

voltages generation with high quality for the
converters with number of levels equal or higher
than four. Although dealing with irregular
blocking voltage distribution among the
semiconductor devices, the nested topologies
favor the use of wide bandgap devices, such as
SiC. In terms of the drivers employed for the
nested topology, the four-level circuit requires
three high-side drivers and one low-side driver,
which is better than the other converters. A

generalization of the nested circuit for an odd or
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even number of levels has been considered in
this paper as well.

6. References

[1] A. Nabae, I. Takahashi, and H. Akagi, “A
new neutral-point-clampedPWM inverter,”
IEEE Trans. Ind. Appl., vol. 1A-17, no. 5, pp.
518-523,Sep. 1981.

[2] S. Debnath and M. Saeedifard, “A new
hybrid modular multilevel converter for grid
connection of large wind turbines,” IEEE Trans.
SustainableEnergy, vol. 4, no. 4, pp. 1051-
1064, Oct. 2013.

[3] J. Barros, J. Silva, and E. Jesus, “Fast-
predictive optimal control ofNPC multilevel
converters,” IEEE Trans. Ind. Electron., vol. 60,
no. 2,pp. 619-627, Feb. 2013.

[4] S. Pulikanti, G. Konstantinou, and V.
Agelidis, “Hybrid seven-levelcascaded active
neutral-point-clamped-based multilevel
converter underSHE-PWM,” 1IEEE Trans. Ind.
Electron., vol. 60, no. 11, pp. 4794-4804,Nov.
2013.

[5] S. Kouro, M. Malinowski, K. Gopakumar, J.
Pou, L. Franquelo, B. Wu,J. Rodriguez, M. Pe
and rez, and J. Leon, “Recent advances and
industrialapplications of multilevel converters,”
IEEE Trans. Ind. Electron., vol. 57,no. 8, pp.
2553-2580, Aug. 2010.

[6] A. Ghias, J. Pou, V. Agelidis, and M.

Ciobotaru, “Initial capacitor chargingin grid-

connected  flying  capacitor  multilevel

converters,” IEEE Trans.Power Electron., vol.
29, no. 7, pp. 3245-3249, Jul. 2014.

[7] F. Salinas, M. Gonzalez, and M. Escalante
“Voltage balancing scheme forflying capacitor
multilevel converters,” IET Power Electron.,
vol. 6, no. 5,pp. 835-842, May 2013.

[8] V. Roberge, M. Tarbouchi, and F. Okou,
“Strategies to accelerate harmonicminimization
in multilevel inverters using a parallel genetic
algorithm ongraphical processing unit,” IEEE
Trans. Power Electron., vol. 29, no. 10,pp.
5087-5090, Oct. 2014.

[9] P. Chan, H.-H. Chung, and S. Hui, “A
generalized theory of boundarycontrol for a
single-phase multilevel inverter using second-
order switchingsurface,” IEEE Trans. Power
Electron., vol. 24, no. 10, pp. 2298-2313,0ct.
2009.

[10] A. Boora, A. Nami, F. Zare, A. Ghosh, and
F. Blaabjerg, “Voltage-sharingconverter to
supply single-phase asymmetrical four-level
diode-clampedinverter with high power factor
loads,” IEEE Trans. Power Electron.,vol. 25, no.
10, pp. 2507-2520, Oct. 2010.

[11] M. Merlin, T. Green, P. Mitcheson, D.
Trainer, R. Critchley, W. Crookes,and F.
Hassan, “The alternate arm converter: A new

hybrid  multilevelconverter ~ with  dc-fault

Available online: http://internationaljournalofresearch.org/

Page |1631



International Journal of Research

International Journal of Research
Available at https://edupediapublications.org/journals

p-ISSN: 2348-6848
e-ISSN: 2348-795X

Z=
=
@%.gm

Volume 03 Issue 17
November 2016

blocking capability,” IEEE Trans. Power
Del.,vol. 29, no. 1, pp. 310-317, Feb. 2014.

[12] C. Gao, X. Jiang, Y. Li, Z. Chen, and J.
Liu, “A dc-link voltage self-balancemethod for
a diode-clamped modular multilevel converter
with minimumnumber of voltage sensors,”
IEEE Trans. Power Electron., vol. 28, no. 5,pp.
2125-2139, May 2013.

[13] G. Buticchi, D. Barater, E. Lorenzani, C.
Concari, and G. Franceschini,“A nine-level
grid-connected converter topology for single-
phase transformerless PV systems,” IEEE
Trans. Ind. Electron., vol. 61, no. 8,pp. 3951-
3960, Aug. 2014.

[14] J. Mei, B. Xiao, K. Shen, L. Tolbert, and J.
Y. Zheng, “Modular multilevelinverter with
new modulation method and its application to
photovoltaicgrid-connected generator,” IEEE
Trans. Power Electron., vol. 28, no. 11,pp.
5063-5073, Nov. 2013.

[15] S. Krithiga, and N. AmmasaiGounden,
“Power electronic configuration for the
operation of PV system in combined grid-
connected andstand-alone modes,” IET Power
Electron.,vol. 7, no. 3, pp. 640-647,Mar. 2014.
[16] E. Villanueva, P. Correa, J. Rodriguez, and
M. Pacas, “Control of a singlephase cascaded
H-bridge multilevel inverter for grid-connected

photovoltaic  systems,” IEEE Trans. Ind.

Electron., vol. 56, no. 11, pp. 4399-4406, Nov.
2009.

[17] E. Ozdemir, S. Ozdemir, and L. Tolbert,
“Fundamental-frequencymodulated six-level
diode-clamped multilevel inverter for three-
phasestand-alone photovoltaic system,” IEEE
Trans. Ind. Electron., vol. 56,no. 11, pp. 4407—
4415, Nov. 2009.

[18] A. Nami, F. Zare, A. Ghosh, and F.
Blaabjerg, “A hybrid cascade convertertopology
with  series-connected  symmetrical  and
asymmetrical diodeclamped H-bridge -cells,”
IEEE Trans. Power Electron., vol. 26, no. 1,pp.
51-65, Jan. 2011.

[19] F. Dijkhuizen, and J. Duarte, “Pulse
commutation in nested-cell convertersthrough
auxiliary resonant pole concepts,” in Proc. IEEE
36th Annu. Meet.Ind. Appl. Conf. Rec., Sep.
2001, vol. 3, pp. 1731-1738.

[20] F. Dijkhuizen, and J. Duarte, “Basic
auxiliary resonant pole (ARP) appliedto three-
level nested cells switching leg,” in Proc. IEEE
35th Annu. PowerElectron. Spec. Conf., Jun.

2004, vol. 6, pp. 4434-4440.

Available online: http://internationaljournalofresearch.org/

Page |1632



