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Abstract

:

In this paper, a new single-phase hybrid multilevel inverter (MLI) is proposed. Compared to other existing MLI topologies, the proposed circuit is capable of producing a higher number of output voltage levels using fewer power switches and dc sources. The levels are synthesized by switching the dc voltage sources in series/parallel combinations. An auxiliary circuit is introduced to double the number of levels by creating an intermediate step in between two levels. In addition, a zero level is introduced to overcome the inherent absence of this level in the original circuit. To improve the total harmonic distortion, a hybrid modulation technique is utilized. The operation and performance of the circuit are analyzed and confirmed using MATLAB/Simulink simulation. To validate the workability of the proposed idea, a 300 W, a thirteen level MLI (including the zero level) is designed and constructed. The circuit is tested with a no-load, resistive load and resistive-inductive load. The experimental results match very closely with the simulation and mathematical analysis.
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1. Introduction


The growing demand for electrical energy along with the environmental concerns has increased the prospects of renewable energy (RE) resources. These RE resources, particularly solar, wind, ocean thermal, wave and fuel cells, require a power electronics converter to be compatible with different applications. Inverters, which perform the dc-ac conversion are crucial equipment in domestic, as well as industrial power system. The conventional two-level inverter is inadequate for high voltage/power applications due to several drawbacks, which include high voltage rating of power semiconductor devices (switches and/or power diodes) and high amount of total harmonic distortion (THD). In certain high fidelity applications, it requires bulky inductors and capacitors to filter the harmonics at the output.



A multilevel inverter (MLI) appears to be a better option as it can synthesize higher output voltage waveform using much lower rated switches. With a higher number of levels, the output voltage waveform comes close to the sinusoidal waveform, thus improving its THD. Consequently, the inverter reduces the filter requirements. In addition, MLI also offers some additional advantages such as lower voltage stress across switches, improved efficiency, reduced dv/dt stress, and lower electromagnetic interference [1,2,3,4,5].



The popular conventional MLI topologies include the neutral point clamped (NPC), flying capacitor (FC), and cascade H-bridge (CHB). Theoretically, the NPC can achieve any number of levels at the cost of switches and clamping diodes, while for the FC a large number of capacitor is needed. As for the CHB, higher voltage level is determined by the number of isolated dc voltage sources. To overcome these drawbacks, extensive research has been carried out to search for new MLI topologies that require lower number of switches and dc voltage sources to achieve a higher output voltage level. With respect to this aspect, several topologies have been proposed with symmetrical and asymmetrical configurations. For the former, all the dc sources have the same magnitude, while for the latter they are different. The asymmetrical topology produces more levels by using the same number of dc sources and switches compared to the symmetrical configuration [6,7].



Another class of MLI is the hybrid type. Typically, it comprises two parts. The first part, called the level generation, synthesizes the staircase voltage in unidirectional polarity. This is done by switching the dc sources in a certain combination such that different levels are produced. The second part is the polarity changing; it produces both positive and negative voltage across the load. Generally, an H-bridge inverter is used for this purpose. Figure 1 shows the single-phase hybrid MLI proposed by Hinago and Koizumi [8]. In this topology, the dc voltage sources can be connected in series to produce all the additive combinations. Furthermore, they can also be connected in parallel, which enhances the flexibility of voltage and current requirement at the output. Correspondingly, it is termed a switched series/parallel sources (SSPS) MLI. Another topology based on series connected switched sources (SCSS) has been presented in [9]. As shown in Figure 2a, this topology does not have the feature of combining two voltage sources in parallel. Therefore, this topology does not possess the load sharing capability. Furthermore, it generates a lesser number of levels compared to the SSPS for the same number of dc sources. Another hybrid topology based on the SCSS is proposed in [10]; it is shown in Figure 2b. This topology is based on the half-bridge which includes one dc source and two switches. Several such half bridges can be connected to achieve more output voltage levels.



Other alternatives for hybrid MLI are shown in Figure 3a–d [11,12,13,14]. All these topologies require an additional dc source prior to the H-bridge. They directly connect the dc voltage sources to the H-bridge without using any switch as shown in Figure 3a–c. In this type of arrangement, the zero voltage level is generated by using two switches of the H-bridge. Due to this, the switches of the H-bridge do not operate at the fundamental switching frequency. In addition, the voltage source connected just before the H-bridge is highly stressed as it is involved in all voltage levels except zero. This problem is eliminated by making the voltage source V11 a half bridge by adding two more switches as shown in Figure 3d [14]. Therefore, with this structure, the number of levels is doubled, as there are two connections available, one without dc voltage source V11 and other with V11.



Several topologies have been proposed that are able to generate both polarities of the output voltage without using any polarity changing circuit. One such MLI has been proposed in [15,16], which is known as the packed U cell (PUC) MLI. However, the PUC requires a large variety of dc sources because the voltage levels are mainly generated by subtraction of two or more sources. Another MLI topology based on cascaded bipolar switched cells (CBSC) has been proposed in [17]. In the CBSC MLI, all the switches need to be of bidirectional nature, which increases the complexity significantly. In addition, the switches suffer from higher blocking voltages. Other similar topologies have been discussed in [18,19,20,21,22,23,24,25].



This paper recommends a new hybrid MLI topology, which combines the merits of the hybrid topologies discussed above. The silent features of the proposed topology are:

	
The proposed MLI utilizes fewer switches to generate a higher number of levels.



	
It also allows for parallel operation of the different dc voltage sources, thus allowing load sharing among different dc voltage sources. This results in equal loading stress across each dc voltage source



	
The higher number of levels is achieved by incorporating an auxiliary module between the level generation and polarity changing parts.



	
The zero level is obtained by introducing a switching scheme at the polarity changing circuit.



	
The proposed topology is capable of handling inductive loads.








This paper is structured as follows. Section 2 explains the generalized arrangement of the proposed topology along with the working principle. Selection of magnitude of dc voltage sources along with total standing voltage calculation is also covered in Section 2. A comparative study with different MLI topologies has been presented in Section 3. Section 4 explains the hybrid modulation technique used in this paper. Section 5 describes the simulation and experimental results and the paper is summarized in Section 6.




2. The Proposed Multilevel Inverter


2.1. Generalized Structure of the Topology


The proposed hybrid multilevel inverter topology is shown in Figure 4. It consists of three parts i.e., the level generation module (LGM), the auxiliary module (AM) and the polarity changer unit (PCU).



2.1.1. The Level Generation Module (LGM)


The LGM is built based on the interconnection of k number of cells (k is an integer). Each cell comprises three unidirectional switches and one dc voltage source. The main function of the LGM is to generate all the additive combinations of different dc sources of same magnitude; therefore, the staircase waveform is generated at its output. This is done by utilizing the switches such that the voltage sources of two cells can be connected in series or parallel. For example, if switches S1 and S3 are turned ON, the two dc voltage sources will be connected in parallel in Vdc at the output of LGM. Thus, both cells share the load equally. If switch S2 is turned ON, two dc voltage sources will be connected in series with additive polarity and 2Vdc appears at the output of LGM.



Similarly, several dc voltage sources can be operated in series and parallel combinations to share the load with different voltage levels. The pair of switches (S1, S2) and (S2, S3) should be operated in complementary to avoid the short-circuiting of voltage source V1. A similar operation is required for the kth cell. Moreover, all switches in the LGM operate at low frequency. However, it has to be noted that the LGM cannot produce a zero level at the output because the parallel/series combination of the dc sources will always result in a certain voltage at the output (unless the sources are set to zero, which does not make any sense). Since there is no instant when the output is not connected to the source, the zero level cannot exist at the output at any time.




2.1.2. The Auxiliary Module (AM)


To generate higher number of levels at the output, an auxiliary module (AM) is connected after the LGM. This module comprises one dc voltage source Va and two unidirectional switches Sa1 and Sa2. Both switches need to be operated in a complementary mode to avoid short-circuiting of voltage source Va. When Sa2 is turned ON, the same voltage level generated by the LGM is connected at the output. When Sa1 is turned ON, the voltage source Va is added to the level generated by the LGM. If the magnitude of Va is selected to be half of the dc sources, an intermediate level is formed halfway in between two levels. On the other hand, if Va equals the dc sources, no additional level is formed. Other values of Va result in an unequal intermediate step, which is not desirable. The AM is also used to construct the PWM waveform. Switches Sa1 and Sa2 are modulated similar to the conventional (two-level) inverter.




2.1.3. Polarity Changing Unit (PCU)


The combination of the LGM and AM generates the voltage levels in positive polarity only. To achieve both positive and negative voltage levels at the output, a standard H-bridge is used as a polarity changing unit. Another function of the PCU is to generate the zero voltage level at the output. This is achieved by simultaneously holding the H2 and H4 ON for a certain amount of time.





2.2. Working Principles


The operating principle of the proposed MLI is explained with two cells (k = 2) in the LGM. For the two cells, the topology uses 12 switches and four dc sources, as shown in Figure 5. In order to achieve parallel operation of different dc voltage sources connected to the LGM, the magnitudes of V1, V2, and V3 must be equal. Furthermore, the pair of switches of each cell should operate in a complementary mode to avoid short-circuiting of the dc sources. The switch pairs of the cell include (S1, S2) and (S2, S3). The switching sequences of the parallel operation and complementary pairs are given in Table 1.




2.3. Selection of dc Source Magnitudes


The number of levels at the output is decided by the magnitude of dc voltage sources connected in LGM and AM. For the parallel operation of the proposed MLI, the magnitude of dc sources connected in LGM must be the same. If the magnitude is not equal, the anti-parallel diode connected to an IGBT will conduct, which leads to the short-circuiting of different voltage sources. The MLI can operate in two modes. The magnitude of voltage sources of the AM, i.e., Va determines these modes.



2.3.1. Mode I


Mode I can be considered symmetrical configuration. In this mode, the magnitude of each dc source, including the dc source in the AM, is selected as Vdc. Therefore,


Va=Vdc



(1)







The number of levels (N) at the output is given as


N=2(k+1)



(2)








2.3.2. Mode II


A higher number of levels can be realized at the output by changing the magnitude of Va (inside the AM) to Vdc/2. The dc sources connected in LGM remain as before, i.e., each voltage source has a magnitude of Vdc. Using these dc voltages, the number of levels increases to


N=4(k+1)



(3)







If the zero level generator is activated, N increases by one more step, i.e.,


N=4(k+1)+1



(4)







The number of switches used in the proposed topology is given by


NIGBT=3(k+2)



(5)







Since all switches are unidirectional, the same number of the driver circuit is required.





2.4. Total Standing Voltage Calculation


The voltage stresses across the switches play an important role in the selection of the power devices. Total standing voltage (TSV) is defined as the sum of maximum voltage stress across all power semiconductor devices considering all voltage levels. The TSV of the proposed topology can be written as


TSV=TSVLGM+TSVAM+TSVPCU



(6)




where TSVLGM, TSVAM and TSVPCU represent the TSV of the LGM, AM, and PCU, respectively. The maximum voltage stress across each switch connected in LGM is equal to the magnitude of voltage sources. Therefore


TSVLGM=3×k×Vdcfor Mode I and II



(7)







The voltage stresses across Sa1 and Sa2 are fixed by the magnitude of voltage source Va. Therefore,


TSVAM=2×Vdcfor Mode I



(8)




and


TSVAM=2×0.5Vdcfor Mode II



(9)







The maximum voltage stress across switches connected in PCU is the sum of all the dc voltage sources connected in the topology. Hence, the TSV of PCU is given by


TSVPCU=4(k+2)×Vdcfor Mode I



(10)




and


TSVPCU=4(k+1.5)×Vdcfor Mode II



(11)







The TSV of the overall proposed topology is calculated by adding the TSV of all there parts for both modes of operation. From (7)–(11),


TSV=(7k+10)×Vdc for Mode I



(12)




and


TSV=7(k+1)×Vdcfor Mode II



(13)







Hence, for mode I,


TSV=72(N+3)×Vdc



(14)




and, for Mode II,


TSV=74N×Vdc



(15)









3. Comparative Study


A comparison is made regarding the number of switches, number of dc voltage sources, TSV and variety of dc voltage sources in terms of number of levels. Four similar topologies, i.e., the SSPC, SCSS, PUC, and CBSC MLI, are considered. Figure 6a shows the comparison of the number of switches with respect to the number of levels at the output. From this figure, it is clear that the proposed topology in Mode II requires the least number of switches (for up to 20 levels) compared to other topologies. Furthermore, the proposed topology in Mode I requires fewer switches than CBSC and SSPS topologies. Figure 6b compares the number of dc voltage sources against the number of levels. The proposed topology in Mode II requires a lower number of dc voltage sources, except for PUC. Figure 6c displays the comparison of TSV with respect to the number of levels. When operated in Mode II, the proposed topology has lower TSV than PUC, CBSC and SCSS MLI. In addition, Figure 6d shows the variation of dc voltage sources requires for number of levels at the output. The proposed topology in Mode I requires one variety of the dc voltage source (i.e., one value for all dc sources). In Mode II, it requires two varieties because the Va2 is set to half of Vdc. This is much lower than the variety of dc voltage sources required for the PUC MLI. Overall, the reduced number of switches and dc voltage sources along with lower TSV are the main advantages of the proposed topology.




4. Modulation Technique


In this paper, the hybrid modulation technique is utilized [8,26]. To illustrate the technique, a six-level MLI is used. The modulation is divided into two parts. First, the large pulses to drive the LGM switches. This is shown in Figure 7a. It comprises three square waves, each having a peak magnitude of (1/3.5) pu. The negative portion has a magnitude (−1/3.5) pu. These square waves are used to establish the essential part of the sinusoidal reference signal in the positive and negative half cycles. For the positive half cycle, the lower square wave is placed between 0 and tπ. In the negative half cycle, the similar square wave is located between tπ and t2π. In Figure 7a, the AM circuit is meant to modulate the area in blue. Therefore, the control circuit subtracts the sinusoidal reference wave from the black and grey blocks. The result of this subtraction can be shown in Figure 7b as a blue curve that ranges from −1.14 to 1.14. This curve is modulated with two carriers, the green and the red one. The comparison of the lower square wave and sinusoidal reference signal gives the gate pulses for switches S1 and S2 of the LGM. In the same way, the comparison of other square waves generates the gate pulses for other LGM switches.



For the generation of gate pulses of AM, a differentiated reference signal is created and is shown in Figure 7b. The differentiated reference single is created by locating the area which is not common between sinusoidal reference single and square waves. Each such portion of the sinusoidal signal is placed between (1/3.5) pu and (−1/3.5) pu. This differentiated reference signal is then compared with a carrier signal to generate gate pulses for switches of AM. The overall gate signals generated from this modulation scheme are summarized in Figure 8. These signal labels are consistent with the circuit shown in Figure 5.




5. Results and Discussion


5.1. Simulation Results


The performance of proposed MLI and its modulation strategy is simulated using Matlab/Simulink. Two cells are used (i.e., k = 2) for the simulation results. Therefore, three dc voltage sources are connected to LGM having a magnitude of 30 V. Both modes (Modes I and II) are simulated at a modulation index of 1.14. For Mode I, Va = Vdc = 30 V, while for Mode II, it is half of Vdc, i.e., 15 V. The simulation is performed with a carrier frequency of 7.5 kHz. The square wave pulses for the LGM and PWM for the AM are generated using the modulation technique described in Section 4. For convenience, the simulation is done under a no-load condition because of the emphasis on the correctness of the generated waveforms. The performance with load (R and RL) will be dealt in the experimental section.



The output voltage of the MLI in Mode I is shown in Figure 9a. As expected, the output voltage waveform is of the staircase type as the switches of LGM operate at the fundamental frequency. As can be observed from Figure 9a, the number of levels is 6, which is consistent with Equation (2). Since the dc source is 30 V, the generated levels are 30, 60 and 90 V. Furthermore, the output voltage does not have a zero level, which is inherent to the topology when operated in Mode I. Figure 9b shows the harmonics spectrum without filtering. The computed THD is 15.5%.



When the AM is enabled, i.e., Mode II, additional levels are created. This is shown in Figure 10a. According to Equation (3), the number of levels is increased to twelve. Since Va = 0.5 Vdc, the new levels are located at 45, 75 and 105 V. Furthermore, since the zero level generators are not activated, this level is absent from the waveform. Mode II with the zero level is shown in Figure 11a. Figure 10b and Figure 11b show the harmonic spectrum with and without the zero voltage level generation, respectively. The THD of the former is 12.5%. With the introduction of the zero level, the THD is reduced to 9.5%. Note that these are THD values are without filtering.




5.2. Experimental Verification


5.2.1. Experimental Setup


To prove the workability of the proposed idea, a 300 W, thirteen level MLI is designed and constructed. Three dc sources are used in LGM (i.e., k = 2); the voltage of each dc source is set to 30 V with one dc voltage source for AM (total of four dc voltage sources are used). The power circuit is based on the IKB20N60H3 IGBT (600 V/20 A). The switching frequency of the PWM waveform for the auxiliary circuit is 7.5 kHz. To implement the modulation, the XE 166 Infineon microcontroller is used. The gate pulses from the microcontroller are made suitable for the switches using the gate driver circuits. A dead time of 0.5 μs is added to protect the bridge from shoot-through fault. The photograph of the MLI arrangement with the dc sources and measurement instrument is shown in Figure 12. Since the inverter is bidirectional, it is tested using the resistive and inductive loads. Furthermore, the auxiliary module can be turned off at convenience; thus, comparison can be readily made for the circuit with and without the auxiliary.




5.2.2. Experimental Results


No Load Condition: Mode I and II


Figure 13 shows the experimental output voltage of the MLI in Mode I, under the no-load condition. The modulation index is set to be the same as simulation, i.e., 1.14. As can be observed, the waveform is very similar to the simulation shown in Figure 9a. This confirms the workability of the LGM and the PCU. The output voltage with the AM in Mode II is depicted in Figure 13. The first waveform, i.e., Figure 14a is without the zero level. As expected, the number of levels is increased from six to twelve. The second waveform, i.e., Figure 14b is obtained when the zero level is generated. Again, the experimental waveform is in very close agreement with the simulation, shown by Figure 10a and Figure 11a, respectively.




Mode II with Resistive Load


Figure 15a,b show the experimental and simulated output when the MLI is connected to a resistive load (50 Ω) in Mode II. In this case, the zero level is not activated. As expected, for the experimental case, the current follows the voltage, i.e., in phase. However, the waveshape of the former deviates slightly, where the PWM pulses are being rounded at their edges. This is due to the inductive effect of wire wound resistor used as the load. Note that the rounded edges are not observed in the simulation as an ideal resistive load is used in the model.



Figure 16a,b depict the MLI output when the zero level generator is activated. Clearly, the voltage waveform improves due to the introduction of an additional level at the zero crossing point. For all cases, it can be observed that the experimental results are in close agreement with the simulation.




Mode II with Resistive-Inductive Load


Figure 17a demonstrates the experimental waveforms of the MLI in Mode II when connected to an inductive load (R = 10 Ω, L = 250 mH). Figure 17b shows its corresponding simulation waveforms. As can be seen, the current lags the voltage by 83 degrees, which is consistent with the values used in the experiment. Furthermore, it is interesting to note that, a small current distortion occurs at the zero crossing point. The most likely reason for the distortion is the dead-time effect, as suggested by [27]. This fact can be confirmed with the simulated current waveform shown in Figure 17b. As can be seen, the distortion is not present; this is because the dead time is not included in the simulation. Figure 17a,b demonstrate the waveforms of the output voltage and the current, respectively, when the zero crossing generator is connected. There is a slight improvement in the experimental current waveshape. By taking the FFT of the experimental current waveform, the THD without the auxiliary module is 7.6%. For the case with the auxiliary, the THD is reduced to 6.2%. For the simulated current waveforms, the THD is 3.1% and 2.5%, respectively. These results prove that the dead time contributes to more than half of the THD values.







6. Conclusions


In this paper, a new MLI topology with a reduced number of switches and dc voltage sources is recommended. The proposed topology provides enough flexibility for higher voltage and power requirement with series and parallel operation of different dc voltage sources. The notable importance is the sharing of load current among different dc voltage sources. A hybrid modulation technique is used to operate different switches. This modulation scheme provides the high-voltage low-frequency and low-voltage high-frequency operation which reduces the switching losses. The proposed topology is compared with several other similar topologies which indicate the reduction of the number of switches and dc voltage sources. Finally, the performance of the proposed topology is examined by generating 13 levels at the output using MATLAB/Simulink and is verified through experimental results.
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Figure 1. The hybrid MLI proposed in [8]. 
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Figure 2. The MLI topologies proposed in (a) [9] and (b) [10]. 
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Figure 3. The hybrid MLI topologies proposed in (a) [11]; (b) [12]; (c) [13]; and (d) [14]. 
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Figure 4. The generalized structure of the proposed multilevel inverter topology. 
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Figure 5. The proposed MLI topology with two cells. 
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Figure 6. Comparing the proposed MLI with others in literature (a) number of switches; (b) number of dc sources; (c) total standing voltage (TSV) and (d) variety of dc voltage sources with respect to number of levels. 
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Figure 7. (a) The hybrid modulation technique and (b) differentiated gate signals with carrier signals. 
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Figure 8. (a) gate pulses for S1 (LGM); (b) gate pulses for S2 (LGM); (c) gate pulses for S4, (LGM); (d) gate pulses for S5 (LGM); (e) gate pulses for Sa1 (AM); (f) gate pulses for Sa2 (AM); (g) gate pulses for H1 (PCU); and (h) gate pulses for H3 (PCU). 
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Figure 9. Output of the MLI in Mode I under no-load condition (a) Voltage waveform (b) its corresponding harmonics spectra. THD is 15.5%. 
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Figure 10. Output of the MLI in Mode II without the introduction of the zero level (a) Voltage waveform (b) its corresponding harmonics spectra. THD is 12.5%. 
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Figure 11. Output of the MLI in Mode II with the introduction of the zero level (a) Voltage waveform (b) its corresponding harmonics spectra. THD is 9.5%. 
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Figure 12. The photograph of the prototype MLI circuit. 
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Figure 13. The experimental output voltage (top trace) in Mode I: no load condition. (Scale: vertical: 50 V/div, horizontal: 4.0 ms/div). 
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Figure 14. The experimental output voltage in Mode II: no load condition (a) without zero level (b) with zero level Scale for (a): vertical: 50 V/div, horizontal: 4.0 ms/div). Scale for (b): vertical: 50 V/div, horizontal: 5.0 ms/div). 
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Figure 15. The output voltage (top trace) and current (bottom trace) waveforms with resistive load (50 Ω) without the auxiliary module. (a) experimental (b) simulation result. Experimental scale (50 V/div, 1 A/div, 4.0 ms/div). 
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Figure 16. The output voltage (top trace) and current (bottom trace) waveforms with resistive load (50 Ω) with the auxiliary module. (a) experimental (b) simulation result. Experimental scale (50 V/div, 1 A/div, 5.00 ms/div). 
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Figure 17. The output voltage (top trace) and current (bottom trace) waveforms with resistive load (50 Ω) in Mode II without the zero level. (a) experimental (b) simulation result. Experimental (50 V/div, 1 A/div, 4.00 ms/div). 
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Table 1. Switching table with two cells.
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	S1/S3
	S2
	S4/S6
	S5
	Sa1
	Sa2
	H1
	H2
	H3
	H4
	Vo





	0
	0
	0
	0
	0
	0
	0
	1
	0
	1
	0



	1
	0
	1
	0
	0
	1
	1
	0
	0
	1
	Vdc



	1
	0
	1
	0
	1
	0
	1
	0
	0
	1
	Vdc + Va



	0
	1
	1
	0
	0
	1
	1
	0
	0
	1
	2Vdc



	0
	1
	1
	0
	1
	0
	1
	0
	0
	1
	2Vdc + Va



	0
	1
	0
	1
	0
	1
	1
	0
	0
	1
	3Vdc



	0
	1
	0
	1
	1
	0
	1
	0
	0
	1
	3Vdc + Va



	0
	0
	0
	0
	0
	0
	1
	0
	1
	0
	0



	1
	0
	1
	0
	0
	1
	0
	1
	1
	0
	−Vdc



	1
	0
	1
	0
	1
	0
	0
	1
	1
	0
	−(Vdc + Va)



	0
	1
	1
	0
	0
	1
	0
	1
	1
	0
	−2Vdc



	0
	1
	1
	0
	1
	0
	0
	1
	1
	0
	−(2Vdc + Va)



	0
	1
	0
	1
	0
	1
	0
	1
	1
	0
	−3Vdc



	0
	1
	0
	1
	1
	0
	0
	1
	1
	0
	−(3Vdc + Va)
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