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Abstract

:

This paper deals with a reduced switch multi-level inverter for the solar photovoltaic system-based 127-level multi-level inverter. The proposed technique uses the minimum number of switches to achieve the maximum steps in staircase AC output voltage when compared to the flying capacitor multi-level inverter, cascaded type multilevel inverter and diode clamped multi-level inverter. The use of a minimum number of switches decreases the cost of the system. To eliminate the switching losses, in this topology a square wave switch is used instead of pulse width modulation. Thereby the total harmonic distortion (THD) and harmonics have been reduced in the pulsating AC output voltage waveform. The performance of 127-level MLI is compared with 15 level, 31-level and 63-level multilevel inverters. The outcomes of the solar photovoltaic system-based 127-level multi-level inverter have been simulated in a MATLAB R2009b environment.
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1. Introduction


In the current generation, the demand for electricity is growing day by day. Nowadays, most electricity is generated through conventional energy sources (thermal, nuclear, etc.), which are not environmentally friendly. Due to these processes of generating electricity, the availability of fossil fuels is being reduced. Therefore, due to the reduction in conventional energy sources, we are unable to meet demand. To meet the demand, the alternative method of generating electricity is via non-conventional energy sources (wind energy, solar energy, hydro, biomass, etc.) which are environmentally friendly.



The Earth grabs a significant amount of solar power, at nearly 173 terawatts. This is around ten thousand times more power than the world’s population uses. As such, it is possible that one day the world could be entirely reliant on solar energy, which could present an available, clean, pollution-free, highly efficient, and long-life energy source. With the help of technology, the cost of the SPV panels and associated equipment has reduced tremendously over recent decades [1]. To interface solar energy to the grid, low voltage PV cells are aligned in a series to acquire high DC output voltage [2]. This process needs high-rated voltage equipment for inversion and a step-up transformer, which increases the losses, cost, weight and size of the system [3]. To overcome these issues, the transformer can be eliminated.



Therefore, a multilevel inverter (MLI) uses the power of semiconductor device sources to integrate the staircase waveform near a sine waveform. The multilevel inverter is the best option for the majority of electricity production in an SPV system. The traditional 2-level inverters face high switching voltage stress, less efficiency and low power quality, as stated in [4,5]. There are many types of inverter, including the neutral clamped, flying capacitor, cascaded H-bridge MLI has been reported [6,7,8,9]. The major difficulties related to MLI are the greater number of power switches and difficulty in its design.



In MLI, limiting the number of switches has attained major importance [10,11]. Limiting the number of power switches reduces the difficulty and enhances the performance of MLI [12]. The major benefit of the proposed configuration is the ability to produce multiple output voltage steps using the minimum number of switches at various adjustable magnitudes in DC input sources [13,14]. The 3-phase MLI technique and its design are more difficult compared with the 1-phase technique in terms of minimum switch count [15,16,17]. An easier assembly of the 3-phase MLI technique with reduced switches is proposed [18]. The key difficulty of the MLI design with a minimized switching technique is associated with the bi-directional power IGBT switches [19]. The least switching losses are attained when using a 3-phase hybrid control-based MLI [20]. In order to avoid the disadvantages of hard switching in a buck converter, a converter with soft switching cells is suggested for PV applications [21]. A transportable solar power generating unit with an inverter is suggested in [22]. In [23], an MLI specially designed for the grid integration of renewable energy sources is reported. Here, the number of switching states and, thus, the losses are reduced by recalculating and modulating the pulse width and height. A 9-level H-bridge MLI with two maximum power point tracking methods is developed in [24]. Different configurations of MLIs with a lower number of switching devices are suggested in [25,26,27,28]. A Quasi-Z source inverter is proposed for solar panel applications in [29]. A single-phase MLI with reduced switching stress on the power switches is suggested in [30]. A new MLI topology using a diode half-bridge circuit is explained in [31]. An MLI where the number of DC sources is reduced with the control of the switching scheme is suggested in [32]. A solar-powered electric vehicle parking lot for the optimal operation with respect to efficiency and cost is suggested in [33]. A seventeen-level inverter with less voltage stress and a smaller number of components is suggested in [34]. An H-bridge MLI for a solar power system which can be used for the interconnection of solar PV system with a distribution system is proposed in [35].



In this paper, a configuration is planned which has a lower number of IGBT switches for SPV voltage source based 127-level MLI. The proposed technique has ten IGBT semiconductor switches, which is a fewer amount than in the diode clamped, cascaded, and flying capacitor type MLI. In this proposed configuration, the main discussion is concerned with decreasing the gate-driven circuits and the number of IGBT switches for the most inexpensive 127-MLI. The proposed configuration of MLI uses SPV with DC-DC converters to turn as six dissimilar DC sources which produce 127-level at AC output voltage which, in turn, decreases harmonics and advances the power quality. This proposed configuration of 127-level is used in off-grid applications. The performance of the proposed technique is demonstrated through simulation, using the MATLAB R2009a environment.




2. Solar Photovoltaic System with Battery


The solar PV panels used consist of: 84 series of connected cells; Voc = 60 V; Isc = 7.8A; Rse = 0.18 Ω; Rsh = 360 Ω; a number of series connected modules = 6; and a number of parallel connected modules = 6.



The battery model consists of a battery of V1–V6, in series resistance of 0.1 Ω, both in series with the parallel combination of the capacitor of 50,000 F and a resistor of 10 kΩ.




3. Proposed System Circuit and Its Configuration


3.1. 127-Level Multilevel Inverter Circuit Diagram


Figure 1 shows a 127-level reduced switch multilevel inverter. In this configuration, we are using ten switches to obtain 127 levels at the output voltage. Here we are using SPV as voltage sources, along with a DC-DC converter as the input for obtaining 127 levels of output. Therefore, to stepdown the voltage, these DC-DC converters are used by changing their duty cycle.




3.2. 127-Level Multilevel Inverter Operation and Principle


In this proposed topology of a 127-level reduced switch multi-level inverter, the input is taken from the six solar photovoltaic panels along with the DC-DC converters to control the variations in the output voltage. This system is consisting of ten IGBT switches to generate 127 levels in one cycle, so that the output waveform has become nearly sinusoidal and THD of the output waveform is reduced to a large extent. Here, diodes are used to avoid the bidirectional flow of the current. According to the requirement of output voltage, the IGBT switches are triggered at different intervals of time. Here the four switches, named S1, S2, S3 and S4, are used to form an inverter circuit that converts DC to AC, and the remaining six IGBT switches (S5, S6, S7, S8, S9 and S10) are used to obtain the desired output level of voltage from the solar panels. To obtain the positive half at the output, switches S1 and S2 should conduct throughout the positive half cycle. To obtain a negative half cycle, S3 and S4 should conduct throughout the negative half cycle.



By considering V1 = 10× V, V2 = 20 × V, V3 = 40 × V, V4 = 80 × V, V5 = 160 × V & V6 = 320 × V, where × is the multiplication factor equal to 325.22/630 and the solar photo voltaic panels connected in series parallel act as the input.




3.3. Switching Sequence of MLI for Positive Half Cycle


The below Table 1 illustrates the ON and OFF switching pattern of each and every switch, from steps 1 to 63 in the positive half cycle and a negative half cycle of the inverter. Output step voltages of MLI from steps 1 to 63 are shown in Table 1.




3.4. Voltage Stress Calculation for 127-Level Reduced Switch MLI


The values of the total voltage stress are: Vs1 = 325 V, Vs2 = 325 V, Vs3 = 325 V, Vs4 = 325 V, Vs5 = 165 V, Vs6 = 82.5 V, Vs7 = 41.25 V, Vs8 = 20.625 V, Vs9 = 10.3125 V, Vs10 = 5.15625 V.




3.5. Power Losses for 127-Level Reduced Switch MLI


Figure 1b shows the power losses waveforms of 127-level MLI.





4. Results and Discussion


The proposed configuration of the 127-level MLI has been designed and simulated in the MATLAB R2009a environment. The corresponding output voltages and the switching sequence of switches S5 to S10 are shown in Table 1. The switching pulses of 10-IGBT switches for one entire cycle are shown in Figure 2. The solar PV output voltage through the DC-DC converter is given to 10-IGBT switches S1 to S10 to achieve the desired 127 levels. The pulsating AC output voltage of the proposed configuration is shown in Figure 3 with THD.



Figure 2 shows the output voltage of the inverter consisting of 127 levels, and for one complete cycle a frequency of 50 Hz is observed. For effective demonstration, the output resistive load is connected across it. The fundamental AC output voltage of the inverter and its % THD are shown in Figure 3, with a fundamental AC output voltage of 324.9 V and THD of 2.33%. These output voltages show harmonics in the output voltage of the inverter, which are well within the limits, according to IEEE-519 standards.



Figure 4, Figure 5 and Figure 6 show the output voltages and switching pulses of the 15-level, 31-level and 63-level multilevel inverter, using seven, eight and nine IGBT switches, respectively.



The fundamental output voltage of the 127-level MLI is 324.9 V and the fundamental voltages of the 15-level, 31-level and 63-level are 323 V, 323.9 V, and 324.6 V, respectively.



Figure 7, Figure 8 and Figure 9 shows the circuit diagram of the 15-level, 31-level and 63-level multilevel inverter, using seven, eight and nine IGBT switches, respectively.



Figure 10, Figure 11 and Figure 12 shows the harmonic spectra of the 15-level, 31-level, and 63-level MLI, respectively. The THDs of 15-level, 31-level and 63-level MLI are 5.72%, 3.84%, and 3.02%, respectively.



Comparison of the 127-level, 63-level, 31-level, and 15-level MLIs with regard to the number of IGBT Switches, number of diodes, number of voltage sources, fundamental voltage, % of THD and appended below in Table 2. Table 3 shows the comparison of convention MLIs to reduced switch MLIs.




5. Conclusions


The proposed configuration uses only ten switches to develop the reduced switch 127-level MLI. The proposed 127-level MLI is compared with the 15-level, 31-level, and 63-level MLI of similar configurations with regard to the number of IGBT switches, number of diodes, number of voltage sources, fundamental voltage, and percentage of THD. The proposed topology have been compared with the neutral point clamped (NPC) MLI, cascaded H bridge (CHB) MLI, flying capacitor (FC) MLI, switched capacitor (SC) MLI with the proposed topology with respect to the main switches, main diodes, clamping diodes, DC sources, flying capacitors, gate driver circuits, variety of DC sources, maximum output voltage, and number of levels. The proposed topology uses only ten switches to generate a near sine waveform with 127 levels. The harmonics are reduced very considerably, which reduces the distortion factor and total harmonic distortion (THD). The solar photovoltaic power generation with a DC-DC converter and battery acts as voltage sources for a reduced switch MLI and the proposed topology also reduces the voltage stress. The limitation of this topology is if one of the sources malfunctions, the effects the THD of output waveform is impacted. The configuration gives satisfactory results with the reduced number of switches when compared with a flying capacitor type MLI, cascaded H-bridge type MLI, diode clamped MLI and SC MLI. From the different types of MLIs discussed in this paper, it is clear that the 127-level MLI has less THD in the output waveform. Therefore, the output power quality is improved with reduced harmonics.







Author Contributions


Conceptualization, M.A., A.S. and S.B.; methodology, V.K., R.V. and A.K.; software, S.R.S., R.V. and A.K.; validation, M.A., S.B. and A.K.; formal analysis, S.R.S., R.V.; investigation, S.B., S.R.S. and M.A.; resources, V.K. and S.R.S.; data curation, A.S., V.K.; writing—original draft preparation, S.R.S., M.A. and A.K.; writing—review and editing, S.B., A.S. and R.V.; visualization, A.K. and S.R.S.; supervision, M.A. and S.R.S.; project administration, R.V. and S.R.S.; funding acquisition, M.A., S.R.S. and S.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research work was funded by “Woosong University’s Academic Research Funding-2021”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Babaei, E.; Jalilzadeh, T.; Sabahi, M.; Maalandish, M.; Alishah, R.S. High step-up DC–DC converter with reduced voltage stress on devices. IEEE Trans. Instrum. Electr. Energy Syst. 2018, 46, 2053–2078. [Google Scholar] [CrossRef]

	



Prem, P.; Sathik, J.; Sivaraman, P.; Mathewsaran, A.; Aleem, S.H.E.A. A new asymmetric dual source multilevel inverter topology with reduced power switches. J. Chin. Instrum. Eng. 2019, 42, 460–472. [Google Scholar]

	



Kouro, S.; Malinowski, M.; Gopakumar, K.; Pou, J.; Franquelo, L.G. Recent advances and industrial applications of multilevel converters. IEEE Trans. Ind. Electron. Syst. 2010, 57, 2553–2580. [Google Scholar] [CrossRef]

	



Ali, J.S.M.; Alishah, R.S.; Sandeep, N.; Hosseini, S.H.; Babaei, E.; Vijayakumar, K.; Yaragatti, U.R. A new generalized multilevel converter topology based on cascaded connection of basic units. IEEE Trans. J. Emerg. Sel. Top. Power Electron. 2018, 7, 2498–2512. [Google Scholar]

	



Meza, C.; Negroni, J.J.; Biel, D.; Guinjoan, F. Energy-balance modeling and discrete control for single-phase grid-connected PV central inverters. IEEE Trans. Ind. Electron. 2008, 55, 2734–2743. [Google Scholar] [CrossRef]

	



Oikonomou, N.; Gutscher, C.; Karamanakos, P.; Kieferndorf, F.; Geyer, T. Model predictive pulse pattern control for the five-level active neutral point-clamped inverter. IEEE Trans. Ind. Appl. 2013, 46, 2583–2592. [Google Scholar] [CrossRef]

	



Huang, J.; Corzine, K. Extended operation of flying capacitor multilevel inverters. IEEE Trans. Power Electron. 2006, 21, 140–147. [Google Scholar] [CrossRef]

	



Amini, J. An effortless space-vector-based modulation for N-level flying capacitor multilevel inverter with capacitor voltage balancing capability. IEEE Trans. Power Electron. 2014, 57, 2633–2642. [Google Scholar]

	



Villalva, M.G.; Gazoli, J.R.; Filho, E.R. Modeling and circuit-based simulation of photovoltaic arrays. Proc. Braz. Power Electron. Conf. 2009, 14, 35–45. [Google Scholar]

	



Hasan, M.; Mekhilef, S.; Ahmed, M. Three-phase hybrid multilevel inverter with less power electronic components using space vector modulation. Power Electron. IET 2014, 16, 1504–1512. [Google Scholar] [CrossRef]

	



Mekhilef, S.; Abdul Kadir, M.N.; Salam, Z. Digital control of three phase three-stage hybrid multilevel inverter. IEEE Trans. Ind. Inf. 2013, 9, 719–727. [Google Scholar] [CrossRef]

	



Daher, S.; Schmid, J.; Antunes, F.L. Multi level inverter topologies for stand-alone PV systems. IEEE Trans. Ind. Electron. 2008, 55, 2703–2712. [Google Scholar] [CrossRef]

	



Buticchi, G.; Barater, D.; Lorenzani, E.; Concari, C.; Franceschini, G. A nine-level grid-connected converter topology for single-phase transformerless PV systems. IEEE Trans. Ind. Electron. 2014, 61, 3951–3960. [Google Scholar] [CrossRef]

	



Wu, J.C.; Chou, C.W. A solar power generation system with a seven-level inverter. IEEE Trans. Power Electron. 2014, 31, 2099–2110. [Google Scholar] [CrossRef]

	



Gupta, K.K.; Jain, S. Comprehensive review of a recently proposed multilevel inverter. Power Electron. IET 2014, 7, 467–479. [Google Scholar] [CrossRef]

	



Gupta, K.K.; Ranjan, A.; Bhatnagar, P.; Sahu, L.K.; Jain, S. Multilevel inverter topologies with reduced device count: A review. IEEE Trans. Power Electron. 2016, 31, 135–151. [Google Scholar] [CrossRef]

	



Odeh, C.I. Enhanced three-phase multilevel inverter configuration. Power Electron. IET 2013, 6, 1122–1131. [Google Scholar] [CrossRef]

	



Farhadi Kangarlu, M.; Babaei, E. Cross-switched multilevel inverter an innovative topology. IET Power Electron. 2013, 6, 1041–1050. [Google Scholar] [CrossRef]

	



Odeh, C.I. Balancing switching losses in three-phase, five-level pulse width modulation switched voltage source inverter using hybrid modulation techniques. Electro. Power Compon. Syst. 2014, 8, 1194–1200. [Google Scholar] [CrossRef]

	



Ruiz-Caballero, A.; Ramos-Astudillo, R.M.; Mussa, S.A.; Heldwein, M.L. Symmetrical hybrid multilevel DC–AC converters with reduced number of insulated DC supplies. IEEE Trans. Ind. Electron. 2010, 57, 2307–2314. [Google Scholar] [CrossRef]

	



Tsai, C.T.; Chen, W.M. Buck converter with soft-switching cells for PV panel applications. Energies 2016, 9, 148. [Google Scholar] [CrossRef]

	



Ando, Y.; Oku, T.; Yasuda, M.; Ushijima, K.; Murozono, M. A Transportable Photovoltaic Power Generation System Utilizing a SiC Inverter and Spherical Si Solar Cells. Technologies 2017, 5, 18. [Google Scholar] [CrossRef]

	



Amamra, S.A.; Meghriche, K.; Cherifi, A.; Francois, B. Multilevel Inverter Topology for Renewable Energy Grid Integration. IEEE Trans. Ind. Electron. 2017, 64, 8855–8866. [Google Scholar] [CrossRef]

	



Gopal, Y.; Birla, D.; Lalwani, M. Selected Harmonic Elimination for Cascaded Multilevel Inverter Based on Photovoltaic with Fuzzy Logic Control Maximum Power Point Tracking Technique. Technologies 2018, 6, 62. [Google Scholar] [CrossRef]

	



Hota, A.; Jain, S.; Agarwal, V. An Improved Three-Phase Five-Level Inverter Topology with Reduced Number of Switching Power Devices. IEEE Trans. Ind. Electron. 2018, 65, 3296–3305. [Google Scholar] [CrossRef]

	



Bassi, H.M.; Salam, Z. A new hybrid multilevel inverter topology with reduced switch count and dc voltage sources. Energies 2019, 12, 977. [Google Scholar] [CrossRef]

	



Siddique, M.D.; Mekhilef, S.; Shah, N.M.; Sarwar, A.; Iqbal, A.; Memon, M.A. A New Multilevel Inverter Topology with Reduce Switch Count. IEEE Access 2019, 7, 58584–58594. [Google Scholar] [CrossRef]

	



Sandeep, N.; Ali, J.S.M.; Yaragatti, U.R.; Vijayakumar, K. A Self-Balancing Five-Level Boosting Inverter with Reduced Components. IEEE Trans. Power Electron. 2019, 34, 6020–6024. [Google Scholar] [CrossRef]

	



Periyanayagam, M.; Kumar, V.S.; Chokkalingam, B.; Padmanaban, S.; Mihet-Popa, L.; Adedayo, Y. A modified high voltage gain quasi-impedance source coupled inductor multilevel inverter for photovoltaic application. Energies 2020, 13, 874. [Google Scholar] [CrossRef]

	



Kakar, S.; Ayob, S.B.M.; Iqbal, A.; Nordin, N.M.; Arif, M.S.B.; Gore, S. New Asymmetrical Modular Multilevel Inverter Topology with Reduced Number of Switches. IEEE Access 2021, 9, 27627–27637. [Google Scholar] [CrossRef]

	



Sathik, J.; Aleem, S.H.E.; Alishah, R.S.; Almakhles, D.; Bertilsson, K.; Bhaskar, M.S.; Savier, G.F.; Dhandapani, K. A Multilevel Inverter Topology Using Diode Half-Bridge Circuit with Reduced Power Component. Energies 2021, 14, 7249. [Google Scholar] [CrossRef]

	



Rawa, M.; Prem, P.; Mohamed Ali, J.S.; Siddique, M.D.; Mekhilef, S.; Wahyudie, A.; Seyedmahmoudian, M.; Stojcevski, A. A new multilevel inverter topology with reduced dc sources. Energies 2021, 14, 4709. [Google Scholar] [CrossRef]

	



Farahmand, M.Z.; Javadi, S.; Sadati, S.M.B.; Laaksonen, H.; Shafie-khah, M. Optimal Operation of Solar Powered Electric Vehicle Parking Lots Considering Different Photovoltaic Technologies. Clean Technol. 2021, 3, 503–518. [Google Scholar] [CrossRef]

	



Arif, M.S.B.; Mustafa, U.; Ayob, S.B.M.; Rodriguez, J.; Nadeem, A.; Abdelrahem, M. Asymmetrical 17-Level Inverter Topology with Reduced Total Standing Voltage and Device Count. IEEE Access 2021, 9, 69710–69723. [Google Scholar] [CrossRef]

	



Mukundan, N.C.; Kallaveetil, V.; Suresh, S.; Pychadathil, J. An Improved H-Bridge Multilevel Inverter-Based. IEEE Trans. Ind. Electron. 2021, 57, 6339–6349. [Google Scholar]








[image: Cleantechnol 04 00001 g001 550] 





Figure 1. (a) 127-level reduced switch multilevel inverter. (b) Power losses in all the switches 127-level MLI. 
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Figure 2. Output waveforms and switching pattern of reduced switch 127-level multilevel inverter. 
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Figure 3. Harmonic spectra of 127-level MLI. 
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Figure 4. Output waveforms and switching pattern of reduced switch 15-level MLI. 
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Figure 5. Output waveforms and switching pattern of reduced switch 31-level MLI. 
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Figure 6. Output waveforms and switching pattern of reduced switch 63-level MLI. 






Figure 6. Output waveforms and switching pattern of reduced switch 63-level MLI.



[image: Cleantechnol 04 00001 g006]







[image: Cleantechnol 04 00001 g007 550] 





Figure 7. 15-level reduced switch multilevel inverter. 
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Figure 8. 31-level reduced switch multilevel inverter. 
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Figure 9. 63-level reduced switch multilevel inverter. 
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Figure 10. Harmonic spectra of 1-level MLI. 
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Figure 11. Harmonic spectra of 31-level MLI. 
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Figure 12. Harmonic spectra of 63-level MLI. 
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Table 1. Switching pattern of S5 to S10 in 127-level MLI.






Table 1. Switching pattern of S5 to S10 in 127-level MLI.





	STEP 1
	S5
	S6
	S7
	S8
	S9
	S10
	Output (V0)





	0
	0
	0
	0
	0
	0
	0
	  0  



	1
	0
	0
	0
	0
	0
	1
	    V 1    



	2
	0
	0
	0
	0
	1
	0
	    V 2    



	3
	0
	0
	0
	0
	1
	1
	    V 2    +    V 1    



	4
	0
	0
	0
	1
	0
	0
	    V 3    



	5
	0
	0
	0
	1
	0
	1
	    V 3     + V   1    



	6
	0
	0
	0
	1
	1
	0
	    V 3     + V   2    



	7
	0
	0
	0
	1
	1
	1
	    V 3     + V   2     + V   1    



	8
	0
	0
	1
	0
	0
	0
	    V 4    



	9
	0
	0
	1
	0
	0
	1
	    V 4     + V   1    



	10
	0
	0
	1
	0
	1
	0
	    V 4     + V   2    



	11
	0
	0
	1
	0
	1
	1
	    V 4     + V   2     + V   1    



	12
	0
	0
	1
	1
	0
	0
	    V 4     + V   3    



	13
	0
	0
	1
	1
	0
	1
	    V 4     + V   3     + V   1    



	14
	0
	0
	1
	1
	1
	0
	    V 4     + V   3     + V   2    



	15
	0
	0
	1
	1
	1
	1
	    V 4     + V   3  +    V 2     + V   1    



	16
	0
	1
	0
	0
	0
	0
	    V 5    



	17
	0
	1
	0
	0
	0
	1
	    V 5     + V   1    



	18
	0
	1
	0
	0
	1
	0
	    V 5     + V   2    



	19
	0
	1
	0
	0
	1
	1
	    V 5     + V   2     + V   1    



	20
	0
	1
	0
	1
	0
	0
	    V 5     + V   3    



	21
	0
	1
	0
	1
	0
	1
	    V 5     + V   3     + V   1    



	22
	0
	1
	0
	1
	1
	0
	    V 5     + V   3     + V   2    



	23
	0
	1
	0
	1
	1
	1
	    V 5     + V   3  +    V 2     + V   1    



	24
	0
	1
	1
	0
	0
	0
	    V 5     + V   4    



	25
	0
	1
	1
	0
	0
	1
	    V 5     + V   4     + V   1    



	26
	0
	1
	1
	0
	1
	0
	    V 5     + V   4     + V   2    



	27
	0
	1
	1
	0
	1
	1
	    V 5     + V   4  +    V 2     + V   1    



	28
	0
	1
	1
	1
	0
	0
	    V 5     + V   4     + V   3    



	29
	0
	1
	1
	1
	0
	1
	    V 5     + V   4  +    V 3     + V   1    



	30
	0
	1
	1
	1
	1
	0
	    V 5     + V   4  +    V 3     + V   2    



	31
	0
	1
	1
	1
	1
	1
	    V 5     + V   4     + V   3       + V   2     + V   1    



	32
	1
	0
	0
	0
	0
	0
	    V 6    



	33
	1
	0
	0
	0
	0
	1
	    V 6     + V   1    



	34
	1
	0
	0
	0
	1
	0
	    V 6     + V   2    



	35
	1
	0
	0
	0
	1
	1
	    V 6     + V   2     + V   1    



	36
	1
	0
	0
	1
	0
	0
	    V 6     + V   3    



	37
	1
	0
	0
	1
	0
	1
	    V 6     + V   3     + V   1    



	38
	1
	0
	0
	1
	1
	0
	    V 6     + V   3     + V   2    



	39
	1
	0
	0
	1
	1
	1
	    V 6     + V   3  +    V 2     + V   1    



	40
	1
	0
	1
	0
	0
	0
	    V 6     + V   4    



	41
	1
	0
	1
	0
	0
	1
	    V 6     + V   4     + V   1    



	42
	1
	0
	1
	0
	1
	0
	    V 6     + V   4     + V   2    



	43
	1
	0
	1
	0
	1
	1
	    V 6     + V   4  +    V 2     + V   1    



	44
	1
	0
	1
	1
	0
	0
	    V 6     + V   4     + V   3    



	45
	1
	0
	1
	1
	0
	1
	    V 6     + V   4  +    V 3     + V   1    



	46
	1
	0
	1
	1
	1
	0
	    V 6     + V   4  +    V 3     + V   2    



	47
	1
	0
	1
	1
	1
	1
	    V 6     + V   4     + V   3       + V   2     + V   1    



	48
	1
	1
	0
	0
	0
	0
	    V 6     + V   5    



	49
	1
	1
	0
	0
	0
	1
	    V 6     + V   5     + V   1    



	50
	1
	1
	0
	0
	1
	0
	    V 6     + V   5     + V   2    



	51
	1
	1
	0
	0
	1
	1
	    V 6     + V   5  +    V 2     + V   1    



	52
	1
	1
	0
	1
	0
	0
	    V 6     + V   5     + V   3    



	53
	1
	1
	0
	1
	0
	1
	    V 6     + V   5  +    V 3     + V   1    



	54
	1
	1
	0
	1
	1
	0
	    V 6     + V   5  +    V 3     + V   2    



	55
	1
	1
	0
	1
	1
	1
	    V 6     + V   5     + V   3       + V   2     + V   1    



	56
	1
	1
	1
	0
	0
	0
	    V 6     + V   5     + V   4    



	57
	1
	1
	1
	0
	0
	1
	    V 6     + V   5  +    V 4     + V   1    



	58
	1
	1
	1
	0
	1
	0
	    V 6     + V   5  +    V 4     + V   2    



	59
	1
	1
	1
	0
	1
	1
	    V 6     + V   5     + V   4       + V   2     + V   1    



	60
	1
	1
	1
	1
	0
	0
	    V 6     + V   5  +    V 4     + V   3    



	61
	1
	1
	1
	1
	0
	1
	    V 6     + V   5     + V   4       + V   3     + V   1    



	62
	1
	1
	1
	1
	1
	0
	    V 6     + V   5     + V   4       + V   3     + V   2    



	63
	1
	1
	1
	1
	1
	1
	    V 6     + V   5     + V   4       + V   3     + V   2     + V   1    
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Table 2. Comparison of various reduced switch MLIs.






Table 2. Comparison of various reduced switch MLIs.





	No. of Levels
	15
	31
	63
	127
	15



	No. of IGBT Switches
	07
	08
	09
	10
	07



	No. of Diodes
	03
	04
	05
	06
	03



	No. of Voltage Sources
	03
	04
	05
	06
	03



	Fundamental Voltage
	323 V
	323.9 V
	324.6 V
	324.9 V
	323 V



	% of THD
	5.72
	3.84
	3.02
	2.33
	5.72
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Table 3. Comparison of conventional and reduced switch MLIs.






Table 3. Comparison of conventional and reduced switch MLIs.





	Topologies
	NPC MLI
	CHB MLI
	FC MLI
	SC MLI
	Proposed Topology





	Main switches
	28
	28
	28
	13
	10



	Main diodes
	28
	28
	28
	13
	10



	Clamping diodes
	182
	0
	0
	02
	07



	DC-sources
	14
	7
	14
	01
	06



	Flying capacitors
	0
	0
	91
	0
	0



	Gate driver circuits
	28
	28
	28
	13
	10



	Variety of DC sources
	01
	07
	01
	01
	06 (Vdc1, Vdc2, Vdc3, Vdc4, Vdc5, Vdc6)



	Maximum output voltage
	Vdc
	7 × Vdc
	Vdc
	6 × Vdc
	2 × Vdc6 − Vdc1



	Number of levels
	15 Levels
	15 Levels
	15 Levels
	13 Levels
	127 Levels
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