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Abstract: To overcome the disadvantages of a conventional Multilevel Inverter (MLI) like requirement of a greater number of
components which will further increase the complexity to generate gate pulses and hence the overall cost, a hybrid topology has
been suggested in this paper. Compared to the conventional multilevel inverter, the number of dc voltage sources, switches,
installation area, and converter cost is significantly reduced as the number of voltage steps increases. This paper includes the design
and simulation of the hybrid converter with different types of Pulse Width Modulation (PWM) techniques. This hybrid converter
is a combination of T-Type single phase inverter and H-Bridge module with sub switches. In this hybrid topology, switching
functions are improved in an easy way. The output voltage waveform obtained in simulation results shows a low Total Harmonic
Distortion (THD) and a reduced dv/dt stresses experienced by switches.
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L. INTRODUCTION

In recent years, the use of multilevel inverters increases significantly in different utilities like Renewable Energy conversion
system, UPFC, Electrical Vehicles, Motor drives, Distributed Generation, Active Filtering, and many others. As compared to two-
level inverters, multilevel inverters have lesser THD, Electromagnetic Interference effect, voltage stress across the switch, and higher
power rating. Substantial research on topological development of multilevel inverters has been reported in modern days. The
objectives of topological improvement are to reduce the number of switching devices and isolated DC power supplies with same
number of output voltage levels as compared to conventional MLI topologies [1].

H-bridge Conventional inverters were used in many industrial applications because of their simple switch configuration and easy
controlling for many years. But harmonic components are much more and in some applications their use is not satisfactory [3].
Because of the low quality of waveforms of voltage and currents, classic H-bridge inverter has not found huge applications. On the
other hand, high switching frequency of PWM inverters and low efficiency results due to their dv/dt stress. Due to these various
problems, the conventional H-bridge square wave inverter and Pulse Width Modulated inverters have been substituted by new
multilevel inverters [2].

The term multilevel starts from the 3-level inverter. By increasing the number of levels in the inverter, the output voltages have
staircase waveforms with numbers of steps generated, harmonic distortion reduces. Although, complexity increases with a high
number of levels and issue of voltage imbalance introduces. An effective multilevel inverter should be designed in such a way as to
reduce THD in the output [2].

In modern days, many 1-phase and 3-phase multilevel inverters have been designed and various multilevel switching methods
have been investigated. From this point of view, industrial applications use multi-level inverter techniques to decrease the voltage
stress developed on power devices and to produce output voltages of good quality. The multi-level inverters improve the ac power
quality by performing the power conversion in small voltage steps resulting in lower harmonics content. The lower harmonic content
of this output voltage waveform is greatly reduced compared to two-level output voltage waveform [3]. Because of its
interdisciplinary nature, Power Electronics combines semiconductor devices, digital systems, control theory and power systems. This
fact implies that any innovation in one of these fields affects Power electronics and opens new research opportunities.

II. MULTILEVEL INVERTER

The need for a multilevel inverter arises due to some well-known disadvantages of conventional Two-level inverters. This paper
discusses the advantages of multilevel inverters and its basic concept. Classification of multilevel inverters and control techniques
are also included.

Need of Multilevel Inverter
- The output voltage of two-level inverter contains more harmonics.
- PWM-VSIs operating at high switching frequencies are rarely preferred for high power applications due to considerable
switching losses.
- PWM-VSIs generate Electromagnetic Interference (EMI).
- As the two-level inverters must switch between the two extreme levels of the dc-link voltages, they are subjected to high dv/dt.
- The task of reducing harmonic content in the output voltage is addressed by the multilevel inverters.
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- Multilevel inverters are realized from a few smaller discrete voltage sources, and they generate the output voltage waveforms
with more steps of smaller magnitudes approaching sine wave.

Advantages of Multilevel Inverters [11]
- They are suitable for high-voltage and high-current applications.
- They have reduced Total Harmonic Distortion (THD) in voltage with an increased number of voltage levels.
- They can be operated with a lower switching frequency and hence the switching losses are reduced.
- They have higher efficiency.
- Power Factor is close to unity for MLIs used as rectifier.
- No Electromagnetic Interference (EMI) problem exists.
- It is possible to use power semiconductor devices of lower voltage ratings to realize high voltage levels at inverter output.

Classification of Multilevel Inverter
The classification of multilevel inverters based on number of dc sources used is given Figure 1. [10]
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Figure 1: Classification of Multilevel Inverter

Multilevel Inverter Modulation Techniques

The output voltage obtained in the multilevel inverter depends on the control technique used. Different modulation methods are
used to control the output voltage of the multilevel inverter [4]. The modulation methods for multilevel inverter based on switching
frequency are classified as shown in Figure 2.
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Figure 2: Multilevel Inverter Modulation Techniques

Features of Multilevel Inverter
- The output voltage and power increases with the increase in the number of levels.
- Increasing output voltage and power does not require any increase in rating of individual device.
- The harmonic content decreases as the number of levels increases and filtering requirements decreases.
- With additional voltage levels, the voltage waveform has more free-switching angles, which can be preselected for harmonic
elimination.
- In the absence of any PWM techniques, the switching losses can be avoided.
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Problems with Conventional Multilevel Inverter

The problems with conventional multilevel inverters can be summarized as follows.

- Conventional topologies of Multilevel Inverters use a higher number of power switches. Its output voltage waveform may
contain more harmonics.

- It has been observed that, with the increase in number of output levels, the numbers of clamping diodes in Diode Clamped
inverter and the storing capacitors in Flying-Capacitors inverter increases.

- The inverter control can be very complicated in Flying-Capacitors inverter.

- Cascaded inverter needs separate dc sources for real power conversion.

III. HYBRID MULTILEVEL INVERTER

To overcome the problems with conventional multilevel inverters, one hybrid topology of multilevel inverter is discussed here.
Objectives of Hybrid Cascaded H-Bridge Multilevel Inverter (Hybrid CHBMLI) are given as follows.

Objectives of Hybrid CHBMLI [13]
- To have high quality output voltage with less THD.
- It must contain a smaller number of power semiconductor switches and other components.
- It should have quite a simple principle of operation.
- It should have an implementable switching strategy.
- It should have low dv/dt stress on power semiconductor devices.

Topology of Hybrid CHBMLI

The topology of Hybrid Cascaded H-Bridge Multilevel Inverter containing two dc sources, two capacitors and seven switches is
shown in Figure 3. As the magnitude of both the sources is equal the topology is considered as Symmetrical Hybrid Cascaded H-
Bridge Multilevel Inverter [14].

§1 <3 ih
_ I & N s —
—_—Cl
S5
D8
P |
D7 g7
V1 —_f = ] W2
-~ LOAD - *
DY
g P
D10 _
i 52
_ I Ap2 W —
It 54 S6
!
4

Figure 3: Symmetrical Hybrid Cascaded H-Bridge Multilevel Inverter

Component Requirement Analysis
The requirement of components for Hybrid CHBMLI is analyzed as follows.

Let, m = Number of levels in output,
Consider m=9

Let, s = Total number of power switches required, It can be calculated by
s=(m+19) -4

Putting m = 9, we get

s=0+19)+4 =28+4=7

Hence, total number of power switches required, s = 7.

Let, d = Total number of diodes required, It can be calculated by
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d=m+1

Putting m =9, we get, d =10

Hence, total number of diodes required, d = 10.

Let, ¢ = Total number of dc link capacitors required, It can be calculated by

c=(m-1)+4
Putting m =9, we get, c =2

Hence, Total number of capacitors required, ¢ = 2.

Comparison of Components Requirement per Leg of MLI [15, 16]

From the analysis of requirement of components for Hybrid CHBMLLI, it is now possible to compare it with the requirement of

components for conventional MLI. Table 1 gives a brief comparison of the number of components required for conventional
multilevel converters and Hybrid CHBMLI for 9-level.

Table 1: Comparison of Components Requirement per leg of 9-level MLI

Type of Converter (MLI)
Type of Component
Diode Clamped Flying Capacitor Cascaded H-Bridge CHBMLI Topology
Main Switching Devices 16 16 16 7
Main Diodes 16 16 16 10
Clamping Diodes 56 0 0 0
DC bus Capacitors 8 8 0 2
Balancing Capacitors 0 28 0 0
Isolated DC Sources 1 1 4 2
TOTAL 97 69 36 21
Working Principle

The working principle of Hybrid CHBMLI can be explained simply with the help of the switching table. If the switch is in state “1”
then it is considered that switch is conducting. Similarly, if the switch is in state “0” then it is considered that switch is not conducting.
Table 2 shows the switch states according to which the desired output voltage waveform is generated.

Table 2: Switching Table

Switch State
Mode Output Voltage V, Volts

S Sz Ss S4 Ss Se S

0 0 1 0 0 0 0
0 ov

0 0 0 1 0 0 0
1 +24V 0 0 0 1 0 0 1
2 +48 'V 0 0 0 1 1 0 0
3 +72V 0 0 0 1 1 0 1
4 +96 V 1 0 0 1 1 0 0
5 24V 0 0 1 0 0 0 1
6 -48V 0 0 1 0 0 1 0
7 -2V 0 0 1 0 0 1 1
8 -96V 0 1 1 0 0 1 0
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IV. SIMULATION RESULTS

Sinewave of fundamental frequency (50Hz) is compared with level shifted triangular carrier waves of 1 kHz frequency. The
comparator output is further processed to generate the required gate pulses. The gate pulses are then applied to the respective switches
of the power circuit. Simulation results for resistive load are shown in Figure 4 to Figure 7 for modulation index Ma = 1.05625. The
output waveform is optimized and has THD of 9.51% which is very less than that of conventional MLIs. Figure 4 shows the
comparison of multiple carrier waves with the fundamental sinewave, figure 5 shows the applied gate pulses to the power
semiconductor switches of MLI, figure 6 shows the output voltage and current waveforms of the MLI for resistive load of 10 €,
figure 7 shows the FFT analysis of output voltage waveform. The FFT analysis for output current waveform is same as the output
voltage waveform due to resistive load.

Case 1: Simulation Results with POD PWM for Resistive Load (Ma= 1.05625)
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Figure 5: Gate Pulses
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Figure 6: Output Voltage and Current Waveforms for Resistive Load

Selected signal: 5 cycles. FFT window (in red): 4 cycles
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Figure 7: FFT analysis of voltage waveform.

Comparison of THD for Different PWM Techniques

After applying various pulse width modulation techniques for Hybrid CHBMLI with different modulation index the readings of
THD were noted down and it is given in Table 3. It shows the POD PWM method gives 11.03% THD with Modulation Index of 1
and hence best suited for the Hybrid CHBMLI.

Table 3: Comparison of THD for Different PWM Techniques

Total Harmonic Distortion (THD) % (1 kHz switching frequency)
Modulation
Index APOD POD PD VAPOD POD
(Initial zero coincide)
0.8 16.52 15.66 16.89 16.81 18.06
0.9 17.18 18.25 16.95 17.85 15.79
1.0 14.96 17.18 14.67 18.07 11.63
1.1 11.84 12.31 11.75 17.93 11.03
1.2 12.77 11.53 12.93 18.18 14.15
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Case 2: Simulation Results with POD PWM for R-L Load (Ma=1)

Simulations performed for inductive load and results obtained are captured as shown in figure 8 and figure 9.
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Figure 8: Output Voltage and Current Waveforms for R-L Load

Selected signal: 5 cycles. FFT window (in red): 2 cycles
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Figure 9: FFT analysis of current waveform for R-L Load

Comparison of THD for Different Loads with POD PWM

Simulations were performed for various modulation index, different frequencies, and loads as shown in Table 4. The results
for the Total Harmonic Distortion were noted down and the comparison is shown in Table 4.

Table 4: Comparison of THD for Different Loads with POD PWM

Total Harmonic Distortion (THD) %
Modulation R Load (10 Q) RL Load (10 Q, 10 mH)
Index
500 Hz 1 kHz 2 kHz 5kHz 500 Hz 1 kHz 2 kHz 5 kHz
0.8 17.29 18.06 17.50 20.48 8.31 4.56 3.79 7.37
0.9 15.58 15.79 17.60 18.46 6.71 4.34 3.84 6.00
1.0 15.82 11.63 14.81 17.16 591 4.74 4.26 6.80
1.1 11.65 11.03 13.17 13.05 5.78 4.59 4.60 6.31
1.2 11.58 14.15 12.45 13.33 6.23 6.77 6.25 7.82
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V. CONCLUSION

From the design and simulation of 1-® Symmetrical 9-Level Hybrid Cascaded H-Bridge Multilevel Inverter with Reduced
Number of Devices can be concluded that 9-level Hybrid CHBMLI requires a total of 21 components which gives 78 % reduction
of the switches than that of conventional MLIs. The harmonic content in the output of 9-level Hybrid CHBMLI is 9.51% which is
almost 2% less than that of 9-level Cascaded H-Bridge MLI. Switch S1 to S6 operates on fundamental frequency (f) and S7 operates
at frequency which is eight times higher than fundamental frequency i.e. 8f. The low operating frequency of S1 to S6 ensures lower
switching losses. Low dv/dt due to smaller steps of magnitude (i.e. v/4) in the output voltage.

For inductive load the performance of the inverter is far better and the THD is 3.79% for 2 kHz with POD PWM technique.
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