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ABSTRACT

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 {E;; =Ej» =Ej3=,...,=E;;m =E}, six
unidirectional switches (Tja1, Traz2), (Trp1, Tip2)s (Tic1, Tic2) along
with m-1 number of bi-directional switches Tg 55, Tg pj, Tg ¢j» {i =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 -
IlI (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 & Ej ). 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 (Ej; ;) 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:

Ell,l‘l: (1/2)HE7 forn= ],2,3,...,“. (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-IIl have
only one half-bridge module having two switches per phase (for
phase-a) Ty, & T’ and one voltage source Ey 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 Ey; can be derived as:

Em=(Ejn+E2+E3+...+Eym)+ (En1 + En2 + Enz + ... + Enn)
n

= mE+Z(1 /2)E 2)

n=1

Hence, the proposed MLI can generate phase voltages of magni-
tude - Eyy, - (Em - Enn)s - (Em - Engn-1), - (i - Enn - Ennet )s- + - Etiny O,
E][‘n ...... , (Em —E]['n —E[['n_] ), (Em —E][‘n ), Ey. 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 Eyy =3.5E {Eyy=E;1 +Ey » +E; 3 +Ey1 }, that can generate
two voltage levels (0, —3.5E). Thus, the entire inverter is the cas-
cading of the inverter section-I, Il & IIl 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,OE, —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 (Ny) 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 (V) of the proposed generalized three-phase inverter ‘phase-a’.
State (Sx)x =phase Status of switches (1=0N, 0=OFF) Voh
Tia1 Tpa1 Tpa2 Tpam-1) Tia2 Tia Tia2 Tiam-2) Tham-1) Tuan Tua
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 Ein
3 1 0 0 0 0 0 0 0 0 1 0 —Enp
4 0 0 0 0 1 1 1 1 0 1 1 Eiinot
5 1 0 0 0 0 0 0 0 1 0 0 —Ein1
6 0 0 0 0 1 1 1 1 0 0 1 Eiin+Enn-
7 1 0 0 0 0 0 0 0 1 1 0 —Eun—Enn-1
8 0 0 0 0 1 1 1 0 1 1 1 Eijn-2
9 1 0 0 0 0 0 0 1 0 0 0 —Enn-2
2m(m+1)-2 1 0 0 0 0 0 0 0 0 0 1 En
2m(m+1)—1 0 0 0 0 1 1 1 1 1 1 —En

the number of DC voltage sources (m) of inverter section-I and
number of half-bridge inverter modules (n) of inverter section-II
as depicted in Fig. 1(a). The number of voltage levels of the pro-
posed inverter can be increased by increasing the number of DC
voltage sources (extending the section-I of the inverter) in section-I
and/or by increasing the number of half-bridge modules in inverter
section-II. Therefore the generalized expression (given in the last
row 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
proposed MLI depends on the number of DC sources (m) in section-

I and number of inverter modules (n) in section-IIl and can be
expressed as:
L=2"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 (Ny), and diode (Np)) is the aggregate sum of respective
components of each invert section-I, Il and III can be derived as:
L—2m2 41
2n+1 ’

N5W=3m+6n+9=12+6n+3( (4)
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Table 2

Switching states, status of the switches and the corresponding phase voltage (V) of the proposed three-phase fifteen-level inverter with Ey:Ej:Eyy=1: 2: 7.

Switching state (Sy) Status of switches (1=0N, 0=0OFF) Von
Tia1 Tpa1 Tpa2 Tia2 Tia1 Tinat Vi v, 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 (Ny) 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 N\/ = L NSW NV

m=2 11 21 8 23 27 11 47 33 14 = 3.2m1 1 3(5+2n) 5+3n

m=3 15 24 9 31 30 12 63 36 15 = 421 1 3(6+2n) 6+3n

m=4 19 27 10 39 33 13 79 39 16 = 5.2m1 1 3(7+2n) 7+3n

m=5 23 30 11 47 36 14 95 42 17 = 6.2m1 1 3(8+2n) 8+3n

m 4m+3 15+3m 6+m 8m+7 21+3m 9+m 16m+15 27+3m 12+m - [(m+1).2"" 1] 3(m+3+2n) (m+3)+3n

L—2n+1 41 4. Methodology to determine the optimum design of the
Nv=3n+1)+m=3n+ 1+ | ——57— (5)  proposed generalized three-phase inverter
The purpose of this study is to find out the optimum inverter

Np = 6(2m+n) (6) design having maximum number of voltage levels by using a min-

Moreover, the mathematical expression of any output phase
voltage (Vppx) for the proposed multilevel inverter can be derived
as a product of the switching states (S) of switches and the
associated voltage (E) of that switch in section-I, section-II and
section-III. The switching function of IGBT switches (Tjx1, Tjx2) and
bi-directional switches (Tgy;) of section-I can be assumed (Styx1,
Stix2) and Stp«; respectively. Whereas, the switching function of the
half-bridges in inverter section-II & IIl can be assumed as Sty x, and
Stmx respectively. Thus the expression of inverter phase voltage
for any phase-x (Vpp, x(t) = V1x(t) + Vax(t) + V3x(t)) can be expressed
as the sum of the voltages of inverter section-I, Il and Il in terms of
the respective switching functions as:

m m—1 m
Vo (£) = [Sti;a ) _Eii*+Y | Y Eii | Sy, , +SmxEol
i=1 j=1 \izj+1
n
+[ZEH,n Sty d + [=Em Sty ] (7)

1

where, Ej, E;; and Ep; are the voltage source across the inverter
section-1, I & III respectively. While, the parameter Ej is the zero
voltage appeared across the lower switches of the inverter section-I
considered as no voltage source is active.

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 (Ny). 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
Egs. (3) and (4) as:

L=(m+1)2WNsw=30m+1)I/6 _ 1 — 4 x 2Nsw/6 _ 1 (8)

where, A = (m + 1)/2(m+1)/2 js an intermediate variable depends on
the number of DC sources (m) in inverter section-1. 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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4.2. Maximizing the number of voltage levels with a given
number of voltage sources

When the number of voltage sources (Ny) are given (or fixed),
the design of the proposed MLI should be in such way that, the
inverter can generate the maximum number of voltage levels (L).
Thus, for a fixed number of DC voltage sources, the number of
inverter voltage levels (L) can be expressed from Eqs. (3) and (4)
as:

L=[(m+1)2M0W-m/3 _1]=Bx2W/3 _1 9)

where, the parameter B = (m + 1)/2™/3 is an another intermediate
variable depends on the value of m. Similar to the previous case
the variation of parameter ‘B’ is plotted for different m as shown in
Fig. 2(b) and it is observed that, the value of ‘B’ becomes maximum
atm=2.

4.3. Generalized configuration of the proposed MLI with a given
voltage sources and switches

The number of voltage levels (L) of the proposed MLI configura-
tion 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
observed that the maximum number of voltage levels (L) for a given
number of switches (Nsw) and the voltage sources (Ny) depends
on only and becomes maximum at m = 2. Hence, for increasing the
number of voltage levels (L), the value of ‘n’ should be increased
while the ‘m’ should be kept closer to 2. Moreover, from Fig. 2

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 (Ny) 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 Ny 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 (Ny) 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, Ny) for an economical inverter design that produces the
maximum inverter voltage levels.
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5. Modulation and control of the proposed three-phase
multilevel inverter

A wide variety of modulation and control methods have been
used for a multilevel converter such as sinusoidal pulse width mod-
ulation (SPWM) [23], single-carrier PWM [24], selective harmonic
elimination 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
control (NLC) [21,30] algorithms may generate the relatively less
amount of switching losses as compared to any PWM technique.
The NLC technique facilitates the synthesizing of a very high
number of voltage levels by approximating the amplified voltage
reference to the closest possible voltage level to be generated by the
converter. The block diagram based NLC algorithm for the proposed
fifteen-level inverter of any one phase is depicted in Fig. 4.

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

sr = m; sin(wt) (10)

ey = miL ; L sin(wt) = ey sin(wt) (11)

v = round {e;} (12)

Vop = E.round {e;} (13)
2em

m; = m (14)

For the proposed three-phase fifteen-level inverter, the three-
phase reference signals (s;, 0 to 1) are first scaled to get (e;) and
then rounded to obtain the nearest level signal (v,) using the round
function (e.g. round {5.4} =5, but round {5.6} = 6). Depending on the
number of levels of the rounded voltage signal, the gate pulses of the
inverter switches can be generated to produce the corresponding
output voltage level. The reference signal (s;), the switching signal

A
(L-DE
2 m
"3
S o &k .
v e N
S Vop = E.round {e,}
3 4E
S 3E
2E
E

v

(b)

(v0) 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 (P. 1 (t)) and its antiparallel diode
(Pcp(t)) can be expressed as follows [11]:

Pe,r(t) = [Ve+R P (0)]I(0)
Pca(t) = [Vg+Ral(D)]I(t)

(15)
(16)

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

Pes(t) = [Ve+ReIB (O]I(t) + 2. [Vp+Rp L(1)]I(t) = (V¢

+2Vp) () + R BT (t) + 2Rp 12 (). (17)

where, V¢, V; and Vp are the threshold voltages of the IGBT, anti-
parallel diode and diode for the bidirectional switch while R, Ry and
Rp are their corresponding on-state resistances. The parameter 3
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) =1 sin (wt)
can be expressed as:

Peavg = = [ [ x(t).pes®d@t)+ [ y(t).per(t)d(ot)
T \Jo 0

N / 2(t) .pc,ta)d(wt))
0

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 €2-55 mH/Phase) is used for
the experimentation and analysis. The NLC technique at m;=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 Ry =.0125 €2,
R4 =0.019 Q2 and Rp = 0.07 2 respectively. The voltage drop of IGBT,

(18)
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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
Tixi-Tixe Tex1=Tpx(m-1) Tuxi+1) Tunx
Voltage rating of switches of phase x. x=(a,b,c) '"(ZL(;]:‘{‘)JC ('"’%)((;ﬂ))vm 2Vpe % Vbe Vpe Vpe
j=1,...(m-1)/2 for mis odd. Forj=0,...
j=1,...,mj2 for even m. ..A4((f"++]})

antiparallel diode and diode for the bidirectional switches are
assumed as V;=1.25V, V4=2.2V and Vp =1.5V respectively. Fig. 5
depicts the comparison of the conduction loss per phase of the pro-
posed inverter with the asymmetrical CHB of suitable voltage ratios
to obtain different possible voltage levels (L) with the implementa-
tion of the proposed NLC technique. It is observed from Fig. 5 that,
the conduction loss of the proposed inverter is always lesser than
the asymmetric CHB.

Further, to demonstrate the cost of the proposed MLI, the device
rating is being calculated in this proposed work for L-level inverter
considering a step voltage of the Vpc. The Table 4 demonstrates
the rating of the switches for the proposed generalized inverter
as well as the rating of the switches used in some of the classi-
cal MLI topologies such as CHB, FC and NPC. It's observed from
Table 4 that, the proposed inverter employs few switching devices
with a comparatively higher voltage rating resulting high-cost per-
switch. Since the topology needs a considerably reduced number
of switches, driver-circuits, isolated power sources and the diodes,
the semiconductor device expenses are substantially recovered.

6. Simulation and experimental results

The exhaustive simulation and experimental results for the
proposed fifteen-level MLI have been presented under different
modulation index (m;) using the nearest level control technique.
A MATLAB/Simulink based modelling of the proposed three-phase
inverter is carried out for the analysis and corresponding labora-
tory prototype for a specimen fifteen-level inverter is developed.
Many other techniques in different fields [31-36] have been suc-
cessfully applied in performing simulations to justify the choice of
MATLAB environment. The NLC based control algorithm has been
implemented in real-time using DS1103 due to its availability in
the laboratory. The experimental results of the gate pulses of the
inverter switches for ‘phase-a’ is shown in Fig. 6.

For simulation as well as for experimental verification of the
proposed MLI, the values of DClink voltages for the specimen three-
phase fifteen-level inverter are considered as E;=28V, E;j=14YV,
and Ej;; =98 V. The above isolated voltages are realised from the AC

source with multi-winding transformer rectifier and filter capaci-
tors. The simulation and experimental voltage response of section
I, Il and III (V4, V5 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 (Ty,2; & T 1.a1) is relatively high with
lesser voltage stress (as observed in Fig. 7). Whereas, the switching
frequency of switches of inverter section-III (Ty;, & T na) have a
fundamental frequency with higher voltage stress and the switch-
ing frequency of switches of inverter section-I (Tja1 & Tga1, Tp a2
& Ty 52) 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 m; =1.

The experimental results of inverter phase voltage and phase
current at different modulation index (m; =1 and 0.8) correspond-
ing to the three-phase star connected R-L load (R=100€2 and
L=50mH/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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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)° [3(L—1)/2]° 1. Separate dc source is required.
[6(loga(L+1)+1)]¢ [3loga(L+1)—-1]° 2. Asymmetrical (binary) MLI is possible.
Babaei et al. [3] 3(L+1)° [3(L—1)/2]° 1. Required only bi-directional switches.
2. Asymmetrical MLI loses few voltage levels.
Nabae et al. [7] 6(L—-1) [1+(1-1)] 1. Balancing of capacitor is required.
2. Unequal utilization of switches.
Meynard and Foch [8] 6(L-1) [1+(L-1)] 1. High switching frequency applications.
2. Requires large number of capacitors.
Marchesoni et al. [9] 6(L—1)° [1.5(L-1)]° 1. Extremely modular.
4[logy(L+1)—-1]¢ [loga(L+1)—1]¢ 2. Required isolated source.
Masaoud et al. [10] [2L+8]° (L—1) 1. Most of the switches are of high rated.
[2log>(L—-1)+12] [1+loga(L-1)]
Ebrahimi at al. [11] 12+1.5(L-1) 15(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] [1.53L-1)]° 1.5(L—1)° 1. Asymmetrical (binary) MLI is also possible.
[9log,(L+1)—6]° 3[log2(L+1)—1] 2. Medium- and high-power applications.
Babaei et al. [14] 1.5(L+9)° 1.5(L—1)° 1. Non isolated course is required.
2. Considered asymmetrical cascaded MLI
Mekhilef et al. [15] 3(WVAL =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.
Choietal. [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.
Najafietal. [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)]* 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
2 DC sources realized by the capacitors.
b Symmetrical source configuration.
¢ Asymmetrical source configuration.
2.5 ‘ ‘ ‘ ' ‘ ‘ ‘ T Proposed MLI
LSR LDR Proposed
I o) —— | 30
o 0 \ T
& 1 iz
— 10
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Fig. 10. Comparison of proposed MLI with different MLI configurations for L=23 in terms of (a) LSR and LDR and (b) number of DC source (Ny).

eralized MLI has been developed for any given number of
switches and DC voltage sources using the generalized expres-
sions developed. The optimum value of switches and voltage
sources required to design the proposed three-phase inverter
that generates maximum inverter voltage levels have been stud-
ied and plotted for various combinations of the above inverter
components. The NLC based modulation technique have been
developed for any voltage level and simulated for the three-
phase fifteen-level inverter using MATLAB/Simulink platform and
implemented in real-time using DS1103. Experiments have been
conducted on a laboratory prototype of the proposed fifteen-level
inverter for the R-L load. The experimental results correspond-
ing to the different modulation index are also presented that

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 (Ny) 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 Al.



R. Raushan et al. / Electric Power Systems Research 157 (2018) 10-19 19

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 102,10W and 0.01 wF, 1000V 24
Ultrafast diode MUR1560 12
Common cathode dual diode MUR1660CT 06
Opto-isolators TLP250 24
Zenor diodes 1N4746, 18V 24
DC link voltages, E, Ey, Ej 14V, 28V and 98V 03
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