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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.
RS-MLI)
evel to switch ratio (LSR)
evel to diode ratio (LDR)
ptimum inverter structure

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.
. Introduction

In power electronics, multilevel power conversion technology
s evolving in a rapid manner with good potential and wide future
cope. The multilevel inverter (MLI) topology using small volt-
ge magnitude to achieve the required voltage magnitude was
ntroduced in 1975 [1]. In the conventional two-level inverter, the
uality of the output power (THD) can be improved to a certain
ound with the increase of inverter switching frequency on the
ost of high switching loss. Benefits of multilevel inverters using
edium power semiconductor over the conventional two-level

nverter with high-power semiconductors include low switching
tress, better electro-magnetic compatibility, low switching losses,
igh voltage capability, reduced losses, shrinks the filter size, pos-
ibility of fault tolerance and improved performance [2–4]. The
xtensive applications of inverter can be used to a variable fre-
uency drives, un-interrupted power supply (UPS), conveyors, ID

nd FD fans, medium voltage traction drive, blowers, pumps, com-
ressors, EV/HEV, HVDC system, Static VAR compensators, FACTs,
V system, smart grids and renewable energy [4–6].

∗ Corresponding author.
E-mail addresses: ravi.roshan.b15@nitp.ac.in (R. Raushan),

m.16dr000205@ee.ism.ac.in (S. Majumdar).

ttps://doi.org/10.1016/j.epsr.2017.11.017
378-7796/© 2017 Elsevier B.V. All rights reserved.
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

https://doi.org/10.1016/j.epsr.2017.11.017
http://www.sciencedirect.com/science/journal/03787796
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reater extent. Hence, considered provocative in research along
ith industry for further improvement in power quality and con-

rol.
On the other hand, three-phase inverters have been developed

s T-type inverter [17] and pin mid-point (PMP) MLI  [18]. However,
hese three-phase inverters require a large number of switching
evices and symmetrical DC sources. For designing a three-phase
educed switch inverters using the single-phase MLI, all compo-
ent counts, including DC sources become three times [11,22]. The
ybrid MLI  has been designed combining basic three-phase two-

evel inverter and several symmetrical H-bridges that require a
arge number of switches [12,20]. A three-phase hybrid inverter
ombining three-phase two-level inverter with several two-level
uxiliary modules has been proposed to reduce the number of
witches [15]. However, this three-phase inverter unable to gen-
rate the negative voltage levels in their phase and hence the
onfiguration cannot be applied for its single-phase applications.
ome of the hybrid MLI  configurations having a T-type/modified-T
ype with half-bridge [16] and full-bridge [19] converter modules
espectively for required voltage polarity. However, the most of the
roposed topologies used a large number of components includ-

ng voltage sources also. In this paper a generalized three-phase
nverter topology has been proposed combining a three-phase gen-
ralized T-type MLI  to minimize the number of voltage sources and
everal half-bridges to increase the voltage levels including neg-
tive voltage levels. The benchmark for the comparison of these
naccustomed configurations are the ratio of the number of phase
oltage levels to switch ratio (LSR) per phase, the number of phase
oltage levels to the diode ratio (LDR) per phase as well as the num-
er of DC sources or capacitive sources used per phase have been
nalyzed [15].

. The proposed three-phase generalized hybrid multilevel
nverter

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

The generalized T-type inverter (section-I) may  consist of m
umber of unary voltage sources {EI,1 = EI,2 = EI,3=,. . .,=EI,m = E}, six
nidirectional switches (TI,a1, TI,a2), (TI,b1, TI,b2), (TI,c1, TI,c2) along
ith m-1 number of bi-directional switches TB,aj, TB,bj, TB,cj, {j = 1, 2,

,. . .,  (m-1)}  for the inverter phase a, b and c respectively as shown
n Fig. 1(a). In this inverter section, only one switch (either a bi-
irectional switch or a unidirectional switch) from each phase of
he inverter should be remain ON in any mode of operation, which
an be able to generate m numbers of positive voltage levels along
ith a zero voltage level (0, E, 2E, 3E,. . .,  mE). For a three-phase

nverter operation, though the number of devices becomes three
imes, however the DC link voltages are equally shared among the
hases. By increasing the number of voltage sources, the number
f phase voltage levels can be increased proportionally.

On the other hand, both of the above inverter section-II and -
II (as of Fig. 1(a)) contains the half bridge inverters. Similar to the

ection-I, the section-II can also be designed to increase the inverter
oltage levels using several half-bridge modules (n) that normally
enerate two voltage levels (0 & EII,n). To increase the number of
oltage levels of the inverter further, the half-bridges can be made
ms Research 157 (2018) 10–19 11

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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Fig. 1. Proposed three-phase MLI. (a) Generalized configuration (b) fifteen-level configuration.

Table 1
Switching states, status of the switches and the corresponding phase voltage (Vph) of the proposed generalized three-phase inverter ‘phase-a’.

State (Sx)x = phase Status of switches (1 = ON, 0 = OFF) Vph

TI,a1 TB,a1 TB,a2 . . . TB,a(m-1) TI,a2 TII,a1 TII,a2 . . . TII,a(n-2) TII,a(n-1) TII,an TIII,a

1 1 0 0 . . . 0 0 0 0 . . . 0 0 0 0 0
0  0 0 . . . 0 1 1 1 . . . 1 1 1 1

2  0 0 0 . . . 0 1 1 1 . . . 1 1 0 1 EII,n

3 1 0 0 . . . 0 0 0 0 . . . 0 0 1 0 −EII,n

4 0 0 0 . . . 0 1 1 1 . . . 1 0 1 1 EII,n-1

5 1 0 0 . . . 0 0 0 0 . . . 0 1 0 0 −EII,n-1

6 0 0 0 . . . 0 1 1 1 . . . 1 0 0 1 EII,n + EII,n-1

7 1 0 0 . . . 0 0 0 0 . . . 0 1 1 0 −EII,n−EII,n-1

8 0 0 0 . . . 0 1 1 1 . . . 0 1 1 1 EII,n-2

9 1 0 0 . . . 0 0 0 0 . . . 1 0 0 0 −EII,n-2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . 

0 

1 

t
n
a
p
v
a
s
r
(

p

.  . . . . . . . . . . . . . . . . . 

2n+1·(m + 1) − 2 1 0 0 . . . 0 0 

2n+1·(m + 1) − 1 0 0 0 . . . 0 1 

he number of DC voltage sources (m) of inverter section-I and
umber of half-bridge inverter modules (n) of inverter section-II
s depicted in Fig. 1(a). The number of voltage levels of the pro-
osed inverter can be increased by increasing the number of DC
oltage sources (extending the section-I of the inverter) in section-I
nd/or by increasing the number of half-bridge modules in inverter
ection-II. Therefore the generalized expression (given in the last
ow of Table 3) of the above parameters can be derived in terms of

n, m)  based on Table 3.

The number of output voltage levels (L) contributed by the
roposed MLI  depends on the number of DC sources (m) in section-
. . . . . . . . . . . . . . . . . . . . .
0 . . . 0 0 0 1 EIII

1 . . . 1 1 1 0 −EIII

I and number of inverter modules (n) in section-III and can be
expressed as:

L = 2n+1 · (m + 1) − 1. (3)

Further, for a desired possible value of inverter voltage levels
(L), the total number of the components (such as sources (NSW),
switches (NV), and diode (ND)) is the aggregate sum of respective

components of each invert section-I, II and III can be derived as:

NSW = 3m + 6n + 9 = 12 + 6n + 3

(
L − 2n+2 + 1

2n+1

)
. (4)
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Table  2
Switching states, status of the switches and the corresponding phase voltage (Vph) of the proposed three-phase fifteen-level inverter with EII:EI:EIII = 1: 2: 7.

Switching state (Sx) Status of switches (1 = ON, 0 = OFF) Vph

TI,a1 TB,a1 TB,a2 TI,a2 TII,a1 TIII,a1 V1 V2 V3

1 1 0 0 0 0 0 3E 0.5E −3.5E 0
0  0 0 1 1 1 0 0 0

2  0 0 0 1 0 1 0 0.5E 0 +0.5E
3  1 0 0 0 1 0 3E 0 −3.5E −0.5E
4  0 0 1 0 1 1 E 0 0 +E
5  0 1 0 0 0 0 2E 0.5E −3.5E −E
6  0 0 1 0 0 1 E 0.5E 0 +1.5E
7  0 1 0 0 1 0 2E 0 −3.5E −1.5E
8  0 1 0 0 1 1 2E 0 0 +2E
9  0 0 1 0 0 0 E 0.5E −3.5E −2E
10  0 1 0 0 0 1 2E 0.5E 0 +2.5E
11  0 0 1 0 1 0 E 0 −3.5E −2.5E
12  1 0 0 0 1 1 3E 0 0 +3E
13  0 0 0 1 0 0 0 0.5E −3.5E −3E
14  1 0 0 0 0 1 3E 0.5E 0 +3.5E
15  0 0 0 1 1 0 0 0 −3.5E −3.5E

Table 3
Number of voltage levels (L), switches (NSW) and the voltage sources (NV) obtained by the proposed three-phase generalized MLI  for various combinations of (n, m).

m n -

n = 1 n = 2 n = 3 - n

L NSW NV L NSW NV L NSW NV = L NSW NV

m = 2 11 21 8 23 27 11 47 33 14 = 3.2n+1 − 1 3(5 + 2n) 5 + 3n
m  = 3 15 24 9 31 30 12 63 36 15 = 4.2n+1 − 1 3(6 + 2n) 6 + 3n
m  = 4 19 27 10 39 33 13 79 39 16 = 5.2n+1 − 1 3(7 + 2n) 7 + 3n

n+1

 15 

N

N

v
a
a
s
b
S
h
S
f
a
t

w
s
v
c

m  = 5 23 30 11 47 36 14 95 

-  - - - - - - - - - - - - - - - 

m  4m + 3 15 + 3m 6 + m 8m + 7 21 + 3m 9 + m 16m +

V = 3(n  + 1) + m = 3 (n  + 1) +
(
L − 2n+1 + 1

2n+1

)
. (5)

D = 6(2m+n) (6)

Moreover, the mathematical expression of any output phase
oltage (Vph,x) for the proposed multilevel inverter can be derived
s a product of the switching states (S) of switches and the
ssociated voltage (E) of that switch in section-I, section-II and
ection-III. The switching function of IGBT switches (TI,x1, TI,x2) and
i-directional switches (TB,xj) of section-I can be assumed (STI,x1,

TI,x2) and STB,xj respectively. Whereas, the switching function of the
alf-bridges in inverter section-II & III can be assumed as STII,xn and
TIII,x respectively. Thus the expression of inverter phase voltage
or any phase-x (Vph, x(t) = V1x(t) + V2x(t) + V3x(t)) can be expressed
s the sum of the voltages of inverter section-I, II and III in terms of
he respective switching functions as:

Vph,x (t) = [ST1,x1

m∑
i=1

EI,i +
m−1∑
j=1

⎛
⎝ m∑
i=j+1

EI,i

⎞
⎠ STB,xj

+ STI,x2E0]

+[
n∑
1

EII,n S
′
TII,xn

] + [−EIII S′
TIII,x1

] (7)
here, EI, EII and EIII are the voltage source across the inverter
ection-I, II & III respectively. While, the parameter E0 is the zero
oltage appeared across the lower switches of the inverter section-I
onsidered as no voltage source is active.
42 17 = 6.2 − 1 3(8 + 2n) 8 + 3n
- - - - - - - - - - -
27 + 3m 12 + m - [(m + 1).2n+1 − 1] 3(m + 3 + 2n) (m + 3) + 3n

4. Methodology to determine the optimum design of the
proposed generalized three-phase inverter

The purpose of this study is to find out the optimum inverter
design having maximum number of voltage levels by using a min-
imum number of switches and the voltage sources. The number of
voltage levels can be further increased by increasing the number
of switches (NSW) and the number of voltage sources (NV). Thus
the generalized expression of inverter voltage levels (L) can be
derived to find the most optimum inverter configuration that gen-
erates the maximum number of voltage levels with a given number
of switches or a given number of DC sources. This is also helpful
for comparison of the inverter cost and complexity with the other
inverter configuration.

4.1. Maximizing the number of voltage levels for a specific
number of switches

The number of voltage levels (L) for the proposed inverter con-
figuration can be derived with a given number of switches using
Eqs. (3) and (4) as:

L = (m + 1) 2[Nsw−3(m+1)]/6 − 1 = A × 2Nsw/6 − 1 (8)

where, A = (m + 1)/2(m+1)/2 is an intermediate variable depends on
the number of DC sources (m)  in inverter section-I. The variations of
A = (m + 1)/2(m+1)/2 with different values of m have been plotted
for finding optimum value of ‘m’  where the parameter ‘A’ is max-

imum as shown in Fig. 2(a). It is observed from Fig. 2(a) that, the
value of the parameter ‘A’ and hence the number of output voltage
level (L) becomes maximum towards the lowest possible value of
m = 2.
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ources (NV ).

.2. Maximizing the number of voltage levels with a given
umber of voltage sources

When the number of voltage sources (NV) are given (or fixed),
he design of the proposed MLI  should be in such way that, the
nverter can generate the maximum number of voltage levels (L).
hus, for a fixed number of DC voltage sources, the number of

nverter voltage levels (L) can be expressed from Eqs. (3) and (4)
s:

 = [(m + 1)2(NV−m)/3 − 1] = B × 2NV/3 − 1 (9)

here, the parameter B = (m + 1)/2m/3 is an another intermediate
ariable depends on the value of m.  Similar to the previous case
he variation of parameter ‘B’ is plotted for different m as shown in
ig. 2(b) and it is observed that, the value of ‘B’ becomes maximum
t m = 2.

.3. Generalized configuration of the proposed MLI  with a given
oltage sources and switches

The number of voltage levels (L) of the proposed MLI  configura-
ion depends upon the values of m (ranging between 2 to m)  and n
ranging between 1 to n) as per Eq. (3). However, from Fig. 2, it is
bserved that the maximum number of voltage levels (L) for a given

umber of switches (NSW) and the voltage sources (NV) depends
n only and becomes maximum at m = 2. Hence, for increasing the
umber of voltage levels (L), the value of ‘n’ should be increased
hile the ‘m’  should be kept closer to 2. Moreover, from Fig. 2
us number of switches (NSW ) and (b) voltage levels (L) versus number of voltage

and from Table 3, it is also observed that, the optimal design of
the proposed MLI  configuration for extensive utilization of all the
given possible number of switches (NSW) to generate the maxi-
mum  number of output voltage levels (L) exist for m � {2, 3} and n
�{1,2,. . .n}.

Moreover, it is observed from Table 3 that, the optimal design of
the proposed MLI  configuration for the extensive use of all the given
possible number of voltage sources (NV) to generate the maximum
number of output levels (L) exists for m �{2,3, 4} and n �{1,2,. . .}.
For further explanation of the above optimum combinations of (n,
m), the L versus NSW and L versus NV have been plotted for all possi-
ble values of (n, m) as shown in Fig. 3. The number of switches (NSW)
can be increased by the various combinations of (n, m)  as indicated
by different markers for the all possible values of inverter volt-
age levels (L).  While the dashed parabolic curves joining the dotted
markers in Fig. 3(a) shows the locus of optimal values of (n, m)  for
several numbers of switches for the maximum values of L. Similarly,
when the number of voltage sources (NV) is increased, the various
combinations of (n, m)  can be obtained as shown by different mark-
ers for the all possible values of L as shown in Fig. 3(b). The locus
of the dotted markers as directed by a dashed parabolic line indi-
cate the most optimum combinations of (n, m)  that synthesizes the
maximum number of inverter voltage levels with various voltage
sources. Thus, from Fig. 3, it’s effortless to find the most optimum
combinations of (n, m) and hence the most optimum combination

of (Nsw, Nv) for an economical inverter design that produces the
maximum inverter voltage levels.
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Fig. 4. Nearest level control technique (a) different stages of per phase impleme
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ig. 5. Comparison of conduction loss of the proposed MLI  with asymmetric CHB
LI  with NLC at mi = 1.

. Modulation and control of the proposed three-phase
ultilevel inverter

A wide variety of modulation and control methods have been
sed for a multilevel converter such as sinusoidal pulse width mod-
lation (SPWM)  [23], single-carrier PWM  [24], selective harmonic
limination PWM  (SHE-PWM) [25,26], active harmonic elimination
AHE) [27], space vector modulation (SVM) [28,29] etc.

As a low frequency modulation technique, the nearest level
ontrol (NLC) [21,30] algorithms may  generate the relatively less
mount of switching losses as compared to any PWM  technique.
he NLC technique facilitates the synthesizing of a very high
umber of voltage levels by approximating the amplified voltage
eference to the closest possible voltage level to be generated by the
onverter. The block diagram based NLC algorithm for the proposed
fteen-level inverter of any one phase is depicted in Fig. 4.

The corresponding mathematical equations of a reference signal
sr), scaled up signal (er) and the corresponding rounded voltage
ignal (vo) of the NLC for a fifteen-level inverter are given by:

r = mi sin(ωt) (10)

r = mi
(L − 1)

2
sin(ωt) = em sin(ωt) (11)

o = round {er} (12)

op = E.round {er} (13)

i =
2  em

E(L − 1)
(14)

For the proposed three-phase fifteen-level inverter, the three-
hase reference signals (sr, 0 to 1) are first scaled to get (er) and
hen rounded to obtain the nearest level signal (vo) using the round

unction (e.g. round {5.4} = 5, but round {5.6} = 6). Depending on the
umber of levels of the rounded voltage signal, the gate pulses of the

nverter switches can be generated to produce the corresponding
utput voltage level. The reference signal (sr), the switching signal
ntation (b) corresponding output voltage (Vop) waveform of the inverter.

(vo) and the corresponding gate pulses are obtained using the NLC
method is depicted as shown in Fig. 4.

To study the effectiveness of the proposed NLC technique
(low switching frequency modulation technique) for the proposed
MLI, the inverter losses, especially the conduction loss (negligi-
ble switching loss) is required to be calculated. The conduction
losses of the inverter switches can be determined by the switch-
ing signal (vo) generated by NLC (as shown in Fig. 4(a)) and the
decoded pulse pattern of the switching state (as given in Table 2).
The instantaneous conduction losses (losses due to conduction of a
switch/diode) of an IGBT switch (Pc,T (t)) and its antiparallel diode
(Pc,D(t)) can be expressed as follows [11]:

pc,T (t) = [Vt + Rt I� (t)] I(t) (15)

Pc,d(t) = [Vd+ RdI (t)] I(t) (16)

While, instantaneous conduction losses of a bidirectional switch
(pc,B(t)), as depicted in Fig. 1(a), is the sum of the power dissipation
of two  diodes and an IGBT as:

pc,B (t) = [Vt + Rt I� (t)] I(t) + 2. [VD+ RD I (t)] I(t) = (Vt

+ 2 VD) I(t) + Rt I� + 1 (t) + 2 RD I2 (t).  (17)

where, Vt , Vd and VD are the threshold voltages of the IGBT, anti-
parallel diode and diode for the bidirectional switch while Rt , Rd and
RD are their corresponding on-state resistances. The parameter �
is a constant directed by the IGBT characteristics. Considering x (t),
y (t) and z (t) are the number of conducting bidirectional switch,
unidirectional switch and antiparallel diodes at any instant that
depends on the inverter output voltage levels or switching signal,
decoded pulse pattern, direction of current and the power factor of
the load connected. The average value of the conduction loss for all
the switches of each phase with a load current of I (t) = ILsin (ωt)
can be expressed as:

Pc,avg = 1
�

(∫
0

�

x (t) .pc,B (t)d (ωt) +
∫

0

�

y (t) .pc,T (t)d (ωt)

+
∫

0

�

z (t) .pc,t (t)d (ωt)

)
(18)

MATLAB/Simulink based model of the proposed inverter has
been developed to evaluate the conduction loss. The proposed
inverter is considered to deliver output power of 1.9 kW.  A three-
phase star connection R-L load (45 �–55 mH/Phase) is used for
the experimentation and analysis. The NLC technique at mi = 1 is

implemented to generate the appropriate gate signals. The on-state
resistance of IGBT, antiparallel diode and diode for bidirectional
switches are calculated from their data sheet values as Rt = .0125 �,
Rd = 0.019 � and RD = 0.07 � respectively. The voltage drop of IGBT,
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Fig. 6. Gate pulses of inverter switches for inverter (a) section-II (TII,a1& T′
II,a1), (b) section-III (TIII,a& T′

III,a), (c) & (d) section-I (TI,a1 & TB,a1) and (TB,a2 & TI,a2).

Fig. 7. The waveforms of voltage across the inverter section-I (V1), section-II (V2) and section-III (V3) (a) simulation results and (b) experimental results.

Fig. 8. The output phase voltages of the proposed three-phase fifteen-level inverter at different mi (a) simulation results and (b) experimental results.
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Fig. 9. The phase voltages and current of the proposed three-phase fifteen-level inverter at (a) mi = 1 and (b) mi = .8.

Table 4
Rating of the switches of proposed and the existing topology for L-level.

Proposed inverter NPC FC CHB

Section-I Section-II Section-III

TI,x1–TI,x2 TB,x1–TB,x(m-1) TII,x(j + 1) TIII,X

Voltage rating of switches of phase x. x = (a,b,c) m(L+1)VDC (m−j)(L+1)VDC 2jVDC
(L−1)VDC VDC VDC VDC

1)/2 fo
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2(m+1) 2(m+1)

j = 1,. . .(m-
j  = 1,. . ., m/

ntiparallel diode and diode for the bidirectional switches are
ssumed as Vt = 1.25 V, Vd = 2.2 V and VD = 1.5 V respectively. Fig. 5
epicts the comparison of the conduction loss per phase of the pro-
osed inverter with the asymmetrical CHB of suitable voltage ratios
o obtain different possible voltage levels (L) with the implementa-
ion of the proposed NLC technique. It is observed from Fig. 5 that,
he conduction loss of the proposed inverter is always lesser than
he asymmetric CHB.

Further, to demonstrate the cost of the proposed MLI, the device
ating is being calculated in this proposed work for L-level inverter
onsidering a step voltage of the VDC . The Table 4 demonstrates
he rating of the switches for the proposed generalized inverter
s well as the rating of the switches used in some of the classi-
al MLI  topologies such as CHB, FC and NPC. It’s observed from
able 4 that, the proposed inverter employs few switching devices
ith a comparatively higher voltage rating resulting high-cost per-

witch. Since the topology needs a considerably reduced number
f switches, driver-circuits, isolated power sources and the diodes,
he semiconductor device expenses are substantially recovered.

. Simulation and experimental results

The exhaustive simulation and experimental results for the
roposed fifteen-level MLI  have been presented under different
odulation index (mi) using the nearest level control technique.

 MATLAB/Simulink based modelling of the proposed three-phase
nverter is carried out for the analysis and corresponding labora-
ory prototype for a specimen fifteen-level inverter is developed.

any other techniques in different fields [31–36] have been suc-
essfully applied in performing simulations to justify the choice of
ATLAB environment. The NLC based control algorithm has been

mplemented in real-time using DS1103 due to its availability in
he laboratory. The experimental results of the gate pulses of the
nverter switches for ‘phase-a’ is shown in Fig. 6.
For simulation as well as for experimental verification of the
roposed MLI, the values of DC link voltages for the specimen three-
hase fifteen-level inverter are considered as EI = 28 V, EII = 14 V,
nd EIII = 98 V. The above isolated voltages are realised from the AC
2

r m is odd. For j = 0,. . .

ven m. . . . (L+1)
4(m+1)

source with multi-winding transformer rectifier and filter capaci-
tors. The simulation and experimental voltage response of section
I, II and III (V1, V2 and V3) of inverter ‘phase-a’ is shown in Fig. 7.
From Figs. 6 and 7, it is observed that, the switching frequency of
switches of inverter section-II (TII,a1 & T

′
II,a1) is relatively high with

lesser voltage stress (as observed in Fig. 7). Whereas, the switching
frequency of switches of inverter section-III (TIII,a & T

′
III,a) have a

fundamental frequency with higher voltage stress and the switch-
ing frequency of switches of inverter section-I (TI,a1 & TB,a1, TB,a2
& T1,a2) have a comparatively lower switching frequency with low
switching stress.

The simulation as well as the experimental results of the phase
voltages for the proposed three-phase fifteen-level inverter are
conducted at different modulation indexes (1.0, 0.8 and 0.6) as
depicted in Fig. 8. It is observed from Fig. 8 that, the phase voltages
are balanced in nature, having fifteen voltage levels at mi = 1.

The experimental results of inverter phase voltage and phase
current at different modulation index (mi = 1 and 0.8) correspond-
ing to the three-phase star connected R-L load (R = 100 � and
L = 50 mH/phase) is depicted in Fig. 9.

For the analysis purpose, the performances of the proposed
three-phase inverter is compared with the exiting MLI  topologies
referred here in terms of number of switches, voltage sources and
level of inverter as presented in Table 5. For further analysis, the
number of phase voltage levels to switch ratio (LSR) and number
of phase voltage levels to diode ratio (LDR) for a specimen twenty-
three level inverter have been presented in Fig. 10(a). It is observed
from Fig. 10(a) that, the value of LSR as well as LDR of the pro-
posed MLI  is better than that of the other MLI  configurations. The
dc source required to obtain a twenty-three voltage level is cal-
culated from Table 5 and represented in Fig. 10(b) which is found
noticeably lesser than the other popular topologies.

7. Conclusion
The paper demonstrated a new generalized three-phase hybrid
multilevel inverter configuration with reduced number of switches
and the DC sources. The optimal design of the proposed gen-
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Table 5
Comparison of proposed three-phase MLI  with existing multilevel inverters.

Existing topologies Number of switches (NSW) Number of separate DC supply/capacitors Remarks

Babaei and Hosseini [2] 3(L + 3)b [3(L − 1)/2]b 1. Separate dc source is required.
[6(log2(L + 1) + 1)]c [3log2(L + 1) − 1]c 2. Asymmetrical (binary) MLI is possible.

Babaei et al. [3] 3(L + 1)b [3(L − 1)/2]b 1. Required only bi-directional switches.
2. Asymmetrical MLI  loses few voltage levels.

Nabae  et al. [7] 6(L − 1) [1 + (I − 1)a] 1. Balancing of capacitor is required.
2. Unequal utilization of switches.

Meynard and Foch [8] 6(L − 1) [1 + (L − 1)a] 1. High switching frequency applications.
2. Requires large number of capacitors.

Marchesoni et al. [9] 6(L − 1)b [1.5(L − 1)]b 1. Extremely modular.
4[log2(L + 1) − 1]c [log2(L + 1) − 1]c 2. Required isolated source.

Masaoud et al. [10] [2L  + 8]b (L − 1)b 1. Most of the switches are of high rated.
[2log2(L − 1) + 12]c [1 + log2(L − 1)]c

Ebrahimi at al. [11] 12 + 1.5(L − 1) 1.5(L − 1) 1. Bidirectional switches are also required.
2.  Only symmetrical configuration is possible.

Chattopadhyay and Chakraborty [12] 3(L + 1) 0.25(3L + 1) 1. All odd voltage levels can’t be synthesized.
2. Applicable for medium voltage motor drive.

Hinago and Koizumi [13] [1.5(3L  − 1)]b 1.5(L − 1)b 1. Asymmetrical (binary) MLI is also possible.
[9log2(L + 1) − 6]c 3[log2(L + 1) − 1]c 2. Medium- and high-power applications.

Babaei  et al. [14] 1.5(L + 9)b 1.5(L − 1)b 1. Non isolated course is required.
2. Considered asymmetrical cascaded MLI

Mekhilef et al. [15] 3(
√

4L − 7 + 1) 1.5{√(4L − 7) − 1} + 1 1. Isolated source is required.
2. Generate only even number of levels.

Raushan et al. [16] 12 + 1.5(L − 3) [0.5(L − 1) + 3] 1. One additional switch can create two extra
voltage levels per phase.
2.  Bidirectional switch is also required.

Choi  et al. [17] 3(L + 1) (L − 1) 1. Asymmetry is not possible.
2. Bidirectional switch is also required.

Vahedi et al. [18] 3(2L − 3) (L − 1) 1. Asymmetrical MLI  is not possible.
2. Bidirectional switch is also required.

Najafi  et al. [19] 3(L + 3) 0.5(L − 1) 1. Asymmetrical MLI  is not possible.
2. Required high rated switches for H-bridge.

Haiwen et al. [20] 6(L − 2) 1 + [0.5(3L − 5)]a 1. Asymmetrical (binary) MLI is also possible.
2. Required large number of capacitors.

Gupta and Jain [22] 6(L − 1) 1.5(L − 1) 1. Asymmetrical MLI  is also possible.
2. Bidirectional switches are also required.

Proposed topology 3(m+  3 + 2n) [(+ 3) + 3n] 1 Bidirectional switches are also required.
2. Optimized m & n for reduced components

a DC sources realized by the capacitors.
b Symmetrical source configuration.
c Asymmetrical source configuration.
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Fig. 10. Comparison of proposed MLI  with different MLI  configuratio

ralized MLI  has been developed for any given number of
witches and DC voltage sources using the generalized expres-
ions developed. The optimum value of switches and voltage
ources required to design the proposed three-phase inverter
hat generates maximum inverter voltage levels have been stud-
ed and plotted for various combinations of the above inverter
omponents. The NLC based modulation technique have been
eveloped for any voltage level and simulated for the three-
hase fifteen-level inverter using MATLAB/Simulink platform and
mplemented in real-time using DS1103. Experiments have been
onducted on a laboratory prototype of the proposed fifteen-level
nverter for the R–L load. The experimental results correspond-
ng to the different modulation index are also presented that
 L = 23 in terms of (a) LSR and LDR and (b) number of DC source (NV).

verified the respective simulation results. The effectiveness of
the proposed reduced switch three-phase MLI  configuration have
been studied by comparing the LSR, LDR and number of voltage
source (NV) of the proposed MLI  with the other MLI  configu-
ration and it is found better than the existing MLIs presented
here.
Appendix A.

The detail specification of the components for the proposed
specimen three-phase fifteen- level inverter is given in Table A1.
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Table  A1
Specifications of the components.

Name of the components IC number/specification Qty.

Single-phase rectifier KBPC2510 09
DC  link filter capacitor Alcon Electrolytic, 1600MFD, 200VDC 09
MOSFETs IRFP460 24
Snubber circuit 10 �,10 W and 0.01 �F, 1000 V 24
Ultrafast diode MUR1560 12
Common cathode dual diode MUR1660CT 06
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change and magnitudes of extreme events, Agric. Water Manag. 180 (2017)
50–60, http://dx.doi.org/10.1016/j.agwat.2016.08.025.

[36] M.  Valipour, A. Montazar, An evaluation of SWDC and WinSRFR models to
optimize of infiltration parameters in furrow irrigation, Am.  J. Sci. Res. 69
Opto-isolators TLP250 24
Zenor diodes 1N4746, 18 V 24
DC  link voltages, EI, EII, EIII 14 V, 28 V and 98 V 03

eferences

[1] R. H. Baker, L. H. Bannister, Electric power converter, U.S. Patent 3 867 643,
Feb. 1975.

[2] E. Babaei, S.H. Hosseini, New cascaded multilevel inverter topology with
minimum number of switches, Energy Convers. Manag. 50 (2009) 2761–2767.

[3] E. Babaei, S.H. Hosseini, G.B. Gharehpetian, M.T. Haque, M.  Sabahi, Reduction
of  dc voltage sources and switches in asymmetrical multilevel converters
using a novel topology, Electr. Power Syst. Res. 77 (2007) 1073–1085, http://
dx.doi.org/10.1016/j.epsr.2006.09.012.

[4] Y.V. Pavan Kumar, B. Ravikumar, A simple modular multilevel inverter
topology for the power quality improvement in renewable energy based
green building microgrids, Electr. Power Syst. Res. 140 (2016) 147–161,
http://dx.doi.org/10.1016/j.epsr.2016.06.027.

[5]  M.  Malinowski, K. Gopakumar, J. Rodriguez, M.A. Perez, A survey on cascaded
multilevel inverters, IEEE Trans. Ind. Electron. 57 (2010) 2197–2206, http://
dx.doi.org/10.1109/TIE.2009.2030767.

[6] L.M. Tolbert, F.Z. Peng, T. Cunnyngham, J.N. Chiasson, Charge balance control
schemes for cascade multilevel converter in hybrid electric vehicles, IEEE
Trans. Ind. Electron. 49 (2002) 1058–1064.

[7] A. Nabae, I. Takahashi, H. Akagi, A new neutral-point-clamped PWM  inverter,
IEEE Trans. Ind. Appl. IA-17 (1981) 518–523, http://dx.doi.org/10.1109/TIA.
1981.4503992.

[8] T.A. Meynard, H. Foch, Multi-level conversion: high voltage choppers and
voltage-source inverters, PESC ‘92 Rec. 23rd Annu. IEEE Power Electron. Spec.
Conf. (1992) 397–403.

[9] M.  Marchesoni, M. Mazzucchelli, S. Tenconi, A non conventional power
converter for plasma stabilization, in: Power Electron. Spec. Conf. 1988. PESC
’88 Rec. 19th Annu. IEEE, IEEE, Kyoto, Japan, 1988, pp. 122–129.

10] A. Masaoud, H.W. Ping, S. Mekhilef, A.S. Taallah, New three-phase multilevel
inverter with reduced number of power electronic components, IEEE Trans.
Power Electron. 29 (2014) 6018–6029.

11] J. Ebrahimi, E. Babaei, G.B. Gharehpetian, A new multilevel converter topology
with reduced number of power electronic components, IEEE Trans. Ind.
Electron. 59 (2012) 655–667.

12] S.K. Chattopadhyay, C. Chakraborty, A new multilevel inverter topology with
self-balancing level doubling network, IEEE Trans. Ind. Electron. 61 (2014)
4622–4631.

13] Y. Hinago, H. Koizumi, A single-phase multilevel inverter using switched
series/parallel DC voltage sources, IEEE Trans. Ind. Electron. 57 (2010)
2643–2650.

14] E. Babaei, M.F. Kangarlu, M.  Sabahi, M.R.A. Pahlavani, Cascaded multilevel
inverter using sub-multilevel cells, Electr. Power Syst. Res. 96 (2013) 101–110.

15] S. Mekhilef, M.  Ahmed, M.  Hasan, Three-phase hybrid multilevel inverter with

less  power electronic components using space vector modulation, IET Power
Electron. 7 (2014) 1256–1265.

16] R. Raushan, B. Mahato, K.C. Jana, Comprehensive analysis of a novel
three-phase multilevel inverter with minimum number of switches, IET
Power Electron. 3 (2016) 1–21.
ms Research 157 (2018) 10–19 19

17] U. Choi, K. Lee, F. Blaabjerg, Diagnosis and tolerant strategy of an open-switch
fault for T-type three-level inverter systems, IEEE Trans. Ind. Appl. 50 (2014)
495–508.

18] H. Vahedi, S. Rahmani, K. Al-Haddad, Pinned mid-points multilevel inverter
(PMP): three-phase topology with high voltage levels and one bidirectional
switch, IECON Proc. (Industrial Electron. Conf.) (2013) 102–107, http://dx.doi.
org/10.1109/IECON.2013.6699118.

19] E. Najafi, A. Halim, M.  Yatim, S. Member, Design and implementation of a new
multilevel inverter topology, IEEE Trans. Ind. Electron. 59 (2012) 4148–4154.

20] L. Haiwen, L.M. Tolbert, S. Khomfoi, B. Ozpineci, D. Zhong, Hybrid cascaded
multilevel inverter with PWM  control method, in: Power Electron Spec. Conf.
2008. PESC 2008. IEEE, IEEE, Rhodes, 2008, pp. 162–166, http://dx.doi.org/10.
1109/PESC.2008.4591918.

21] R.R. Karasani, S. Member, V.B. Borghate, A three-phase hybrid cascaded
modular multilevel inverter for renewable energy environment, IEEE Trans.
Power Electron. 32 (2017) 1070–1087.

22] K.K. Gupta, S. Jain, Topology for multilevel inverters to attain maximum
number of levels from given DC sources, IET Power Electron. 5 (2012) 435,
http://dx.doi.org/10.1049/iet-pel.2011.0178.

23] B.P. McGrath, D.G. Holmes, Multicarrier PWM  strategies for multilevel
inverters, IEEE Trans. Ind. Electron. 49 (2002) 858–867, http://dx.doi.org/10.
1109/TIE.2002.801073.

24] M.S.A. Dahidah, V.G. Agelidis, Single-carrier sinusoidal PWM-equivalent
selective harmonic elimination for a five-level voltage source converter,
Electr. Power Syst. Res. 78 (2008) 1826–1836.

25] L. Li, D. Czarkowski, Y. Liu, P. Pillay, Multilevel selective harmonic elimination
PWM  technique in series-connected voltage inverters, IEEE Trans. Ind. Appl.
36  (2000) 160–170.

26] K. El-Naggar, T.H. Abdelhamid, Selective harmonic elimination of new family
of  multilevel inverters using genetic algorithms, Energy Convers. Manag. 49
(2008) 89–95.

27] G. Hosseini Aghdam, Optimised active harmonic elimination technique for
three-level T-type inverters, IET Power Electron. 6 (2013) 425–433, http://dx.
doi.org/10.1049/iet-pel.2012.0492.

28] K.C. Jana, S.K. Chowdhury, S.K. Biswas, Performance evaluation of a simple
and general space vector pulse-width modulation-based M-level inverter
including over-modulation operation, IET Power Electron. 6 (2013) 809–817,
http://dx.doi.org/10.1049/iet-pel.2012.0318.

29] K.C. Jana, S.K. Biswas, Generalised switching scheme for a space vector
pulse-width modulation-based N-level inverter with reduced switching
frequency and harmonics, IET Power Electron. (2015) 1–9.

30] B. Mahato, R. Raushan, K.C. Jana, Modulation and control of multilevel
inverter for an open-end winding induction motor with constant voltage
levels and harmonics, IET Power Electron. 10 (2017) 71–79, http://dx.doi.org/
10.1049/iet-pel.2016.0105.

31] M.  Valipour, Increasing irrigation efficiency by management strategies:
cutback and surge irrigation, J. Agric. Biol. Sci. 8 (2013) 35–43.

32] M.  Valipour, K. Branch, Study of different climatic conditions to assess the role
of  solar radiation in reference crop evapotranspiration equations, Arch. Agron.
Soil Sci. 61 (2014) 679–694.

33] M.  Valipour, Application of new mass transfer formulae for computation of
evapotranspiration, J. Appl. Water Eng. Res. 2 (2014) 33–46.

34] M.  Valipour, How much meteorological information is necessary to achieve
reliable accuracy for rainfall estimations? Agriculture 6 (2016) 53.

35] M.  Valipour, M.A. Gholami Sefidkouhi, M.  Raeini-Sarjaz, Selecting the best
model to estimate potential evapotranspiration with respect to climate
(2012) 128–142.

http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0010
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2006.09.012
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1016/j.epsr.2016.06.027
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
dx.doi.org/10.1109/TIE.2009.2030767
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0030
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
dx.doi.org/10.1109/TIA.1981.4503992
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0080
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0085
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
dx.doi.org/10.1109/IECON.2013.6699118
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0095
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
dx.doi.org/10.1109/PESC.2008.4591918
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0105
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1049/iet-pel.2011.0178
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
dx.doi.org/10.1109/TIE.2002.801073
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0120
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0125
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0130
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0492
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
dx.doi.org/10.1049/iet-pel.2012.0318
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0145
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
dx.doi.org/10.1049/iet-pel.2016.0105
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0155
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0160
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0165
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0170
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
dx.doi.org/10.1016/j.agwat.2016.08.025
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180
http://refhub.elsevier.com/S0378-7796(17)30468-6/sbref0180

	Optimum structure of a generalized three-phase reduced switch multilevel inverter
	1 Introduction
	2 The proposed three-phase generalized hybrid multilevel inverter
	3 Mathematical formulation of the parameters of the proposed multilevel inverter
	4 Methodology to determine the optimum design of the proposed generalized three-phase inverter
	4.1 Maximizing the number of voltage levels for a specific number of switches
	4.2 Maximizing the number of voltage levels with a given number of voltage sources
	4.3 Generalized configuration of the proposed MLI with a given voltage sources and switches

	5 Modulation and control of the proposed three-phase multilevel inverter
	6 Simulation and experimental results
	7 Conclusion
	References
	References


