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1 Introduction

Multilevel inverter is one of the most promising and highly reliable voltage source
power converters which interconnect the dc system with ac system [1]. Several power
electronic switches and dc sources are connected together to create multistep output
voltage waveform [2]. The output waveform looks similar to the sinusoidal waveform
with minimum harmonic content for a higher number of output levels, and thus elim-
inates the filter requirements [3]. Multilevel inverters had gained remarkable attrac-
tiveness in terms of structure and control techniques due to its better electromagnetic
compatibility, less total harmonic distortion, smaller common mode voltage, less
dv/dr stress, reduced switching losses, high efficiency and improved power quality
[4, 5]. In addition, multilevel inverters have a modular structure, capable of trans-
formerless operation and fault tolerant operation by utilizing multiple redundant
switching states with suitable control schemes [5, 6]. Due to these significant capa-
bilities, the multilevel power converters have attracted various industrial applications
such as electric traction, electric aircraft power system, uninterrupted power supply
system, flexible AC transmission system, photovoltaic power system, electric drives,
hybrid electric vehicles and distributed generation [6, 7]. Different classifications
of the multilevel inverters used in commercial applications include flying capac-
itor, neutral point clamped and cascaded H-bridge [6—8]. Among these conventional
inverter topologies, cascaded H-bridge inverters have an exact modular structure for a
higher number of output levels. There are certain issues in these conventional topolo-
gies such as greater number of switches and its associated gate driver circuits, isolated
dc sources, voltage balancing problem and so on [8]. Practically, flying capacitor and
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neutral point clamped inverters are not suitable for higher output levels, because they
have complex inverter structure and higher ratings for power semiconductor devices
which make tedious to implement these inverter structures.

Different multilevel inverters using a reduced number of switches were presented
in the literature [1-8]. A new symmetric and asymmetric type multilevel inverter
with two dc sources and four switches is proposed in [1]. In this, a separate polarity
changing unit is used to obtain the negative output levels. This inverter requires a
higher number of switches to generate a staircase waveform. Moreover, complex
control is implemented even for low rating power switches with a separate driver
circuit. A reduced switch count based multilevel inverter to generate all possible
combinations of input dc sources is presented in [2]. This inverter has the capability
to operate in both lower and higher switching frequencies. However, high spikes may
occur in the voltage waveform due to the lack of path for reverse current flow. In [3],
a new basic unit with three sources and five unidirectional switches is proposed to
generate only positive levels at the output. To obtain the negative levels, H-bridge is
used as a polarity changing unit. This would results in higher voltage stress across
the switches for higher output results and need higher rate power semiconductor
devices. Another multilevel inverter topology with an array of voltage sources in
additive nature is proposed in [4]. This inverter produces all levels of the output
voltage by switching the appropriate power semiconductor devices. This topology
lacks modularity and restrictions on modulation strategy and control method. The
basic unit of the inverter proposed in [5], consists of four dc sources and ten switches
and create 17-level during asymmetric operation. To create higher output levels,
several basic circuits can be connected in series across the load terminals. The main
drawback of this topology is not suitable for high voltage applications because of high
variety of voltage sources and TSV value. In [6], a new extendable type multilevel
inverter with various ratings of both unidirectional and bidirectional switches is
presented. This topology reduces the number of switches for higher output levels
and extending the use for low voltage and high power application. However, this
topology lacks the attribute of combining two dc sources in parallel and does not
own the equal load sharing capability. Other inverter topologies using an efficient
fundamental switching technique are presented in [7, 8].

This paper aims to develop more reliable 9-level inverter topology with a minimum
number of circuit components. Section 2 presented the operation of the proposed
symmetrical 9-level inverter topology. A comparison study is done in Sect. 3. The
switching strategy using digital logic circuit based multicarrier pulse width modula-
tion (PWM) technique to obtain the switching signals for the proposed 9-level inverter
is explained in Sect. 4. Section 5 presents the simulation results of the 9-level inverter
and the conclusion is given in Sect. 6.
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2 Proposed 9-Level Inverter

The proposed 9-level symmetrical multilevel inverter topology with four dc voltage
sources and eight power electronic switches is shown in Fig. 1. Here, the voltage
sources V|, V,, V3 are connected in series and the combination is connected in parallel
with the source V4. In order to avoid short circuit across the dc sources, the pairs of
switches (S1, S¢), (82, S4, S5, §7), (53, Ss) should not be turned ON simultaneously.
To create 9-output levels, the magnitude of all dc sources Vy, V, and V3 should
be equal. The important feature of the proposed symmetric topology is its inherent
ability to create negative levels without additional H-bridge.

Some of the sample output levels obtained at the inverter output terminals are
shown in Fig. 2. The blocking voltage across the switches S3 and Sg is V.. For
switches S, and S7, the blocking voltage is 4V, and for the remaining switches,
this value is equal to 3V .. Therefore, the total standing voltage (TSV) across the
switches of the proposed 9-level inverter topology is 22V 4.

3 Comparison Study

Table 1 presents the comparison between the proposed 9-level symmetric inverter
with other symmetrical topologies presented in the literature. This comparison study
is presented based on the total number switches, ON-state switches and value of
TSV. As shown in Table 1, the proposed 9-level inverter topology inherently creates
negative output levels, however, the topologies presented in [4-6], need an additional
H-bridge circuit as a polarity changing unit to produce negative output levels. The
comparative study shows that the proposed inverter topology creates a 9-level output
with a minimum number of switches. The proposed inverter uses only eight switches,
however, the topology presented in [1], needs 12 switches, the inverter presented in



252 V. Thiyagarajan
s | s Ss s | 0 Ss
-I- Vl Vl
: I
VZ Vq | Vz V4
Ss Ss
Vs Vs
Ss S, Sg Se S, Sg
oy L oo o S
(@) " o)+
S S, Sa S S, Ss
1. 1,
Se Ss
v} V4 Vz ::Vq
Ss Ss
—.—.J‘ V’ L
Se $; Ss S S, S
+|' LOAD ['_ +'| LOAD II_

- -r-n

Fig. 2 Different output voltages

Table 1 Comparison study

()1 +Va+V3+1s

Topology No. of switches ON-state switches TSV Negative level
[1] 12 4 28V 4 H-bridge
2] 16 8 29V 4¢ H-bridge
[3] 11 4 27V 4e H-bridge
[4] 10 5 28V 4 Inherent
[5, 6] 10 4 25V 4e Inherent
Proposed 8 3 22V ge Inherent

[2], needs 16 switches and the 11 switches are needed for the topology presented
in [3]. Additionally, the proposed topology need only three ON-state switches to
create 9-output levels. But, the topologies presented in [1, 3, 5, 6], needs four ON-
state switches, the topology presented in [4], needs five ON-state switches and the
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inverter shown in [2], needs eight ON-state switches. The reduction in the number of
conducting switches reduces the inverter losses and increases its efficiency. Also, it
is noted that the TSV value for the proposed inverter is 22V 4. Therefore, the inverter
size, cost and complexity is significantly reduced.

4 Switching Pulse Generation

A modified multicarrier based digital logic technique is used to obtain the switching
pulses. In this technique, the stage-1 signals Ci, C,, C3, C4 are generated by
comparing the sinusoidal reference signal with four different carrier signals. The
magnitude of the carrier signals are determined by

2k — 1
Ver = — where, k =1,2,3,4

The generation of stage-1 signals during a positive cycle is shown in Fig. 3a.
The following equation helps to obtain the intermediate signals A, B and C from
the stage-1 signals:

L ™ R
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Fig. 3 Switching pulse generation
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A=Cy
B=0C,
C=C—0Cs

In the next stage, using fundamental digital logic gates such as AND, OR and NOT
gates, different stage-2 signals P; — Pg are generated as shown in Fig. 3b. Finally,
the required switching pulses for the proposed symmetric inverter is obtained by

S1 =T Ss = P11 + P15
S =PiT1+ PsT, S¢=T,

S3 = P T+ PsTr S7=PsT1 + P\T
Sy = PsTy + P,T Sz = PsT, + PoT

where, T is the signal which is logic-1 during the positive cycle and logic-0 during
the negative cycle and T is the signal which is logic-0 during the positive cycle and
logic-1 during the negative cycle.

5 Simulation Results

The magnitude of the voltage sources are V) = V, = V3 = V4 = V. = 50V. The
9-level inverter output voltage waveform and its THD are shown in Fig. 4a and b,
respectively.

As expected, the output voltage is of staircase waveform with THD as 9.36%. The
output voltage and current waveforms for the proposed 9-level inverter for different
series RL load parameters are shown in Fig. 5. For pure resistive load, R = 35 €2,
the load voltage THD and load current THD are equal to 9.36%. Also, it is observed
that the load current THD is varying between 2.35 and 9.36% as the power factor of
the load varies from 0.5 to 1.

6 Conclusion

In this paper, a new symmetrical 9-level inverter topology with reduced number of
switches is recommended. The proposed inverter uses four dc voltage sources and
eight power switches to generate a 9-level voltage across the series RL load. The
proposed inverter structure is compared with several other symmetrical topologies
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Fig. 4 Simulation results

which indicate the reduction in the number of switches, total number of conducting
switches and TSV value, which in turn, achieves higher inverter efficiency and lower
switching losses. Finally, the inverter performance is analyzed by generating a 9-level
output voltage using Matlab/Simulink.
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Fig. 5 Output waveforms
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