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a  b  s  t  r  a  c  t

This study  presents  a new generalized  three-phase  multilevel  converter  based  on  the  combinations  of
half-bridge  modules  along  with  a  three-phase  T-Type  multilevel  inverter.  The  proposed  topology  reduces
the  number  of switches  and  associated  gate-driver  circuits  that  attains  much  higher  number  of  output
voltage  levels.  The  optimized  structure  of  the  proposed  three-phase  inverter  topology  has  been  devel-
oped to obtain  the maximum  number  of output  voltage  levels  of  the  inverter  with  a  minimum  number
of  power  electronic  switches  and  the  DC voltage  sources.  The  operation,  control  and  performance  anal-
ysis of  the  proposed  generalized  multilevel  inverter  have  been  considered  here.  A nearest  level  control
(NLC)  technique  is adopted  to generate  the  gating  signal  for the  proposed  three-phase  hybrid  inverter.
A  laboratory  prototype  of  a  specimen  three-phase  low  power  fifteen-level  inverter  have  been  designed
using  twenty  four switches  and nine  voltage  sources.  The  conduction  losses  of the  proposed  fifteen  level
inverter  is around  14.71  watt/phase  compared  to  23.26  watt/phase  in  an  asymmetrical  cascaded  inverter.
The exhaustive  simulations  of  the  proposed  three-phase  inverter  are  performed  using  MATLAB/SIMULINK
and  the  results  are  verified  experimentally  and  presented  for  the  different  modulation  index.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In power electronics, multilevel power conversion technology
is evolving in a rapid manner with good potential and wide future
scope. The multilevel inverter (MLI) topology using small volt-
age magnitude to achieve the required voltage magnitude was
introduced in 1975 [1]. In the conventional two-level inverter, the
quality of the output power (THD) can be improved to a certain
bound with the increase of inverter switching frequency on the
cost of high switching loss. Benefits of multilevel inverters using
medium power semiconductor over the conventional two-level
inverter with high-power semiconductors include low switching
stress, better electro-magnetic compatibility, low switching losses,
high voltage capability, reduced losses, shrinks the filter size, pos-
sibility of fault tolerance and improved performance [2–4]. The
extensive applications of inverter can be used to a variable fre-
quency drives, un-interrupted power supply (UPS), conveyors, ID
and FD fans, medium voltage traction drive, blowers, pumps, com-
pressors, EV/HEV, HVDC system, Static VAR compensators, FACTs,
PV system, smart grids and renewable energy [4–6].
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The most common multilevel inverter topologies including
neutral-point clamped MLI  (NPC-MLI) [7], flying capacitor based
MLI  (FC-MLI) [8], and cascaded H-bridge MLI  (CHB-MLI) [9] are
well established and commercially available with various control
techniques specific to the applications. The power quality of the
MLI  improves with the step resolution of voltage. Which in turn
increases the number of device count, driver circuit, protection cir-
cuit and its size as well as cost and control complexity with reduced
efficiency as well as the reliability of the inverters. Hence, the num-
ber of voltage levels restrict to the tradeoff between the number of
voltage levels and the costs as well as the complexity of the inverter
circuit. Symmetrical multilevel inverters come up with the benefits
in terms of modular structure, homogeneous control, and the easy
availability of equal DC sources. Asymmetry and hybridization in
multilevel inverter configuration have high conversion efficiency
and further reduces the size and cost [10,11] of the MLI. DC  voltage
sources with unequal magnitudes and/or capacitors with balanced
voltages reduces the number of DC sources. Though, the different
multilevel topologies lose its modularity, switching redundancies
and DC source of voltage magnitude depending on the number of
levels that limits its industrial applications [12]. However, mul-
tilevel inverter with reduced component [2,3,10–22] for further
improvement in total harmonic distortion (THD) has been reported
as a challenge to perforate economic and density constrains to a
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greater extent. Hence, considered provocative in research along
with industry for further improvement in power quality and con-
trol.

On the other hand, three-phase inverters have been developed
as T-type inverter [17] and pin mid-point (PMP) MLI  [18]. However,
these three-phase inverters require a large number of switching
devices and symmetrical DC sources. For designing a three-phase
reduced switch inverters using the single-phase MLI, all compo-
nent counts, including DC sources become three times [11,22]. The
hybrid MLI  has been designed combining basic three-phase two-
level inverter and several symmetrical H-bridges that require a
large number of switches [12,20]. A three-phase hybrid inverter
combining three-phase two-level inverter with several two-level
auxiliary modules has been proposed to reduce the number of
switches [15]. However, this three-phase inverter unable to gen-
erate the negative voltage levels in their phase and hence the
configuration cannot be applied for its single-phase applications.
Some of the hybrid MLI  configurations having a T-type/modified-T
type with half-bridge [16] and full-bridge [19] converter modules
respectively for required voltage polarity. However, the most of the
proposed topologies used a large number of components includ-
ing voltage sources also. In this paper a generalized three-phase
inverter topology has been proposed combining a three-phase gen-
eralized T-type MLI  to minimize the number of voltage sources and
several half-bridges to increase the voltage levels including neg-
ative voltage levels. The benchmark for the comparison of these
unaccustomed configurations are the ratio of the number of phase
voltage levels to switch ratio (LSR) per phase, the number of phase
voltage levels to the diode ratio (LDR) per phase as well as the num-
ber of DC sources or capacitive sources used per phase have been
analyzed [15].

2. The proposed three-phase generalized hybrid multilevel
inverter

In this paper a generalized three-phase multilevel inverter con-
figuration is proposed and the detailed operation of a specimen
fifteen-level inverter is analyzed. The schematic diagram of the
generalized three-phase inverter is shown in Fig. 1(a). The entire
three-phase inverter configuration is the series combinations of
three converter sections consists of a generalized T-type inverter
(inverter section-I), cascading of half-bridge inverters for increas-
ing the voltage levels (inverter section-II) and one half-bridge
inverter for reversing the polarity of the inverter voltage levels
(inverter section-III).

The generalized T-type inverter (section-I) may  consist of m
number of unary voltage sources {EI,1 = EI,2 = EI,3=,. . .,=EI,m = E}, six
unidirectional switches (TI,a1, TI,a2), (TI,b1, TI,b2), (TI,c1, TI,c2) along
with m-1 number of bi-directional switches TB,aj, TB,bj, TB,cj, {j = 1, 2,
3,. . .,  (m-1)}  for the inverter phase a, b and c respectively as shown
in Fig. 1(a). In this inverter section, only one switch (either a bi-
directional switch or a unidirectional switch) from each phase of
the inverter should be remain ON in any mode of operation, which
can be able to generate m numbers of positive voltage levels along
with a zero voltage level (0, E, 2E, 3E,. . .,  mE). For a three-phase
inverter operation, though the number of devices becomes three
times, however the DC link voltages are equally shared among the
phases. By increasing the number of voltage sources, the number
of phase voltage levels can be increased proportionally.

On the other hand, both of the above inverter section-II and -
III (as of Fig. 1(a)) contains the half bridge inverters. Similar to the
section-I, the section-II can also be designed to increase the inverter
voltage levels using several half-bridge modules (n) that normally
generate two voltage levels (0 & EII,n). To increase the number of
voltage levels of the inverter further, the half-bridges can be made

asymmetric. Therefore, the combination of inverter section-I & II
can be extended up to any desired number of voltage levels. The
magnitude of DC voltage sources (EII,n) for n number of half-bridge
modules in section-II can be derived in a geometric progression to
achieve maximum number of voltage levels as:

EII,n= (1/2)nE, forn = 1, 2, 3, ...,n. (1)

However, the above two inverter section (I & II) can only gen-
erate positive voltage levels. Therefore, the design of inverter
section-III is essential to generate all the negative voltage lev-
els with the help of section-I & II. The inverter section-III have
only one half-bridge module having two switches per phase (for
phase-a) TIII,a & T′

III,a and one voltage source EIII with a maximum
voltage rating (sum of the voltages in section-I & II) for obtaining
the negative voltage levels. Thus, with the help of the section-III,
the proposed inverter generates all the negative voltage levels and
hence, doubled the number of inverter voltage levels. The magni-
tude of the voltage source of section-III is the algebraic sum of all
the DC sources connected in section-I and section-II. Therefore, the
magnitude of the EIII can be derived as:

EIII = (EI,1 + EI,2 + EI,3 + ... + EI,m) + (EII,1 + EII,2 + EII,3 + ... + EII,n)

= mE+
n∑
n=1

(1/2)nE (2)

Hence, the proposed MLI  can generate phase voltages of magni-
tude - EIII, - (EIII - EII,n), - (EIII - EII,n-1), - (EIII - EII,n - EII,n-1),. . ..,- EII,n, 0,
EII,n . . ..  . .,  (EIII - EII,n - EII,n-1), (EIII - EII,n), EIII. A suitable delay must
be incorporated between the switches belonging to each section
of any phase to avoid the short circuit of the voltage sources.
The switching status of all the switches of ‘phase-a’ with the cor-
responding voltage levels of the proposed inverter are given in
Table 1. The switching table for the other two  phases are identi-
cal, however, their switching signals are 120◦ and 240◦ apart from
phase-a respectively.

A detailed per phase operation of the proposed multilevel
inverter have been further explained for a specimen three-phase
fifteen-level inverter as depicted in Fig. 1(b). For a three-phase
fifteen-level inverter, the inverter section-I have three equal DC
voltage sources (m = 3) of magnitude E can generate four voltage
levels (0, E, 2E and 3E).

The inverter section-II consists of one half-bridge inverter mod-
ule (n = 1) with a voltage source of magnitude 0.5E, that can
generate two voltage levels (0 and 0.5E). The inverter section-III
consists of one half-bridge inverter module having the magnitude
of the voltage source is the summation of voltages in section-I and
section-II as EIII = 3.5E {EIII = EI,1 + EI, 2 + EI, 3 + EII,1}, that can generate
two voltage levels (0, −3.5E). Thus, the entire inverter is the cas-
cading of the inverter section-I, II & III that can generate the fifteen
voltage levels {22(3 + 1) − 1}, as given by 3.5E, 3E, 2.5E, 2E, 1.5E, E,
0.5E, 0E, −0.5E, −E, −1.5E, −2E, −2.5E, −3E and −3.5E. The switching
states, the corresponding switching status and the voltage gener-
ated by the different sections of the proposed fifteen-level inverter
is given in Table 2.

3. Mathematical formulation of the parameters of the
proposed multilevel inverter

For a high level inverter, to determine the optimum values of
the number of switches and voltage sources for generating the
maximum number of voltage levels, a generalized methodology
has been developed. To implement this generalized technique, the
expressions of inverter output phase voltage levels (L), the total
number of switches (NSW) and the DC voltage sources (NV) for
the proposed three-phase MLI  have been derived as a function of
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