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Abstract

:

The Quasi-Impedance-Source Inverter (Quasi-Z inverter) is an interesting DC-AC converter topology that can be used in applications such as fuel cells and photovoltaic generators. This topology allows for both boost capability and DC-side continuous input current. Another very interesting feature is its reliability, as it limits the current when two switches on one leg are conducting simultaneously. This is due to an extra conduction state, specifically the shoot-through state. However, the shoot-through state also causes a loss of performance, increasing electromagnetic interference and harmonic distortion. To address these issues, this work proposes a modified carrier-based control method for the T-Type single-phase quasi-Z inverter. The modified carrier-based method introduces the use of two additional states to replace the standard shoot-through state. The additional states are called the upper shoot-through and the lower shoot-through. An approach to minimize the number of switches that change state during transitions will also be considered to reduce switching losses, improving the converter efficiency. The proposed modified carrier-based control strategy will be tested using computer simulations and laboratory experiments. From the obtained results, the theoretical considerations are confirmed. In fact, through the presented results, it is possible to understand important improvements that can be obtained in the THD of the output voltage and load current. In addition, it is also possible to verify that the modified carrier method also reduces the input current ripple.
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1. Introduction


Standard two-level voltage source inverters (VSIs) are among the most popular power converters. Two-level bridge VSIs are widely used in a variety of applications around the world due to their numerous advantages, including high efficiency, low cost, and ease of implementation and operation. However, two-level VSIs also have some drawbacks. Their buck voltage characteristic is a significant disadvantage that may limit their use when the output voltage needs to be higher than the input voltage and a single stage power conversion is mandatory. Another disadvantage of two-level VSIs is the need for a dead time or dead band on each VSI leg to prevent transistor shoot-through (DC bus short-circuit).



Due to the limitations of two-level VSIs, several boost-capable inverters have been proposed. Inverters based on impedance-source networks have been successfully proposed. The impedance-source inverter topology, which was originally defined by a two-port network consisting of four energy storage components feeding a bridge inverter, overcomes some problems of the two-level VSIs by exhibiting buck–boost characteristics [1,2,3,4]. Energy storage components connected to suitably driven VSIs can provide buck–boost voltages while also addressing the shoot-through issue. Shoot through is a topological restriction in VSIs, but in impedance-source inverters, it is used to obtain the boost voltage characteristics. This capability of using the shoot-through state provides an additional advantage in terms of reliability. Indeed, unlike in two-level VSIs, a noise-induced short-circuit between the VSI DC terminals does not damage the power semiconductors. This allows for the elimination of dead times, thereby improving waveform quality. Another advantage of using impedance-source networks is their integration compatibility with standard multilevel inverters. Due to these important features, new configurations of impedance-source networks have been proposed and developed [5], including networks based on active structures and transformer-based networks [6,7,8]. Among the several impedance source networks that have been proposed, the quasi-impedance-source (quasi-Z) inverter is one of the most widely used [9,10]. Because of their interesting capabilities, these converters can be used in a variety of applications, including photovoltaic generation and energy storage systems [10,11,12,13,14]. Other applications require a fault-tolerance capability since power device short-circuits do not cause immediate damage to the converter. On the other hand, due to their buck–boost, wide-ranging voltage, they allow, up to a certain extent, the reconfiguration of the circuit to maintain their operation without affecting the voltage and current waveforms severely [15,16,17]. Furthermore, these converters enable the use of PWM modulators which have been modified to account for the generation of the shoot-through time interval. This is true, for example, for Simple Boost Control (SBC), Maximum Boost Control (MBC), and Maximum Constant Boost Control (MCBC) [18].



The implementation of impedance source networks in multilevel inverters has also been quite successful. This is the case for the multilevel quasi-Z source (qZS) inverter, which employs well known topologies such as the neutral point clamped (NPC) or the T-Type [19,20,21,22,23,24]. This can be verified by several proposals for its use in renewable generators and other fault-tolerant applications. Regarding the application to renewable generators, they are very well adapted for photovoltaic applications. In fact, to achieve the necessary voltage level and enable the system to operate over a larger range of PV output voltages, a qZS inverter was taken into consideration for PV voltage regulation [25,26]. Their application in storage systems is another aspect in which these converters are well adapted, as presented by [27]. Electric vehicles are another application [28]. Another significant feature of impedance source networks is their ability to adapt to the most well-known multilevel PWM modulators with just minor modifications to produce the shoot-through state [29,30,31,32,33]. However, one issue with these topologies and modulators is that, during the shoot-through state, the output voltage changes immediately to zero. This normally results in decreased performance, increased electromagnetic interference, and harmonic distortion. Nonetheless, with a three-level inverter, a half DC-link short-circuit is feasible. This is due to the possibility of a short-circuit between the upper and middle DC terminals, as well as the lower and middle DC terminals. Thus, in addition to the standard shoot-through state, it is also possible to have two extra shoot-through states, namely upper shoot-through (UST) and lower shoot-through (LST), as described in [33]. Because of the potential benefits of UST and LST, this concept was incorporated into the three-level NPC Z-source and quasi-Z source inverters [34]. This concept was also applied to the three-phase T-Type Z-source and quasi-Z source inverters [35,36]. Aside from their application to three-phase topologies, the UST and LST concepts were also included in the Space Vector Modulation (SVM) method. Actually, apart from reference [36], all of the methods were developed only for the SVM PWM technique and were not designed to reduce the number of switching transitions.



As mentioned previously, using the upper and lower shoot-through states reduces electromagnetic interference (EMI) while decreasing the harmonic content of the load voltage and current. Thus, the ability to implement this concept in the widely used single-phase quasi-Z source inverters could be a valuable asset. As a result, this paper presents a novel modulation strategy incorporating the UST and LST concepts for the multilevel quasi-Z source single-phase inverter. The proposed strategy is intended for use in known modulation strategies such as the SBC and MBC. The benefits of the proposed strategy will be stated, particularly in terms of load voltage and current harmonic distortion. Furthermore, it is possible to verify that the converter input current ripple will be reduced, while the converter efficiency will be improved. These aspects will be validated not only by simulation tests but also through some laboratory experiments. The article makes the following specific contributions:




	
A new modulation strategy applied to the single-phase quasi-Z source three-level T-Type VSI is presented, allowing for an important improvement in the output current and voltage THD when compared with the existent modulation strategies;



	
The introduction of a strategy to minimize the number of switching states during transitions without affecting the output voltage distortion, while decreasing switching losses;



	
The new modulation strategy also reduces the ripple within the converter input current when compared with the existent modulation strategies;








In addition to this introduction, the rest of the paper is organized as follows: Section 2 presents the system under study, namely, the T-Type Single-Phase quasi-Z source inverter. This includes the topology, an analysis of the circuit, and the design of its components. Next, Section 3 describes the newly proposed modulation strategy proposed for the T-Type Single-Phase quasi-Z source inverter. This strategy has the purpose of improving the output AC voltage and current THD, as well as the efficiency of the converter. Section 4 presents a discussion and a comparison of the proposed improvements considering the current state-of-the-art research. Comparative simulation results between the classical and the proposed approach are presented in Section 5 to highlight the improvements achieved. In Section 6, several experimental results are presented, showing the practical implementation of the proposed modulation strategy. Final conclusions are reported in Section 7.




2. T-Type Single-Phase Quasi-Z Inverter


PV and fuel-cell applications require a converter to regulate DC voltages. In addition, when connecting to an AC grid, it is often necessary to increase the DC voltage. Another constraint for PV and fuel-cell applications is the requirement of a converter to consume a continuous input current. The quasi-Z source inverter is one of the converters capable of meeting these specifications. Figure 1 shows a single-phase converter using a bridge inverter and two additional inductors and capacitors [9].



As previously stated, multilevel inverters can strongly improve the quality of AC voltages. Therefore, the quasi-Z impedance network was also included in multilevel inverters, such as the single-phase quasi-Z three-level T-Type VSI, which is one of the most widely used and studied inverters (Figure 2). This converter requires the duplication of the impedance source network [22], and requires a total of four inductors and four capacitors.



The analysis of the single-phase quasi-Z three-level T-Type VSI shows that three voltage levels (+VPN/2, 0 and −VPN/2) can be applied to the AC output. In addition to these three voltage levels determined by the combination of the switches in the standard VSI, the impedance network introduces an additional zero state caused by the short-circuit introduced by turning on simultaneously the upper and lower switches. Thus, the converter operation can be viewed as the result of the two equivalent circuits as depicted in Figure 3. The first mode happens when the inverter is in standard operation (without the shoot-through state), while the second mode happens when a leg is driven into the short-circuit state (shoot-through). From these two equivalent circuits, the converter analysis can be accomplished. considering that all components are ideal. In this way, applying Kirchhoff’s laws to the two circuits, the AC output voltage can be calculated using (1) and (2) [37].


         v  L 1     =      V i   2    −    V  C 2   ,    v  L 2     =   −    V  C 1            v  L 3     =      V i   2    −    V  C 3   ,    v  L 4     =   −    V  C 4        v  P N     =    V  C 1     +    V  C 2   +    V  C 3     +    V  C 4            



(1)






         v  L 1     =      V i   2    +    V  C 1   ,    v  L 2     =    V  C 2            v  L 3     =      V i   2    +    V  C 4   ,    v  L 4     =    V  C 3        v  P N     =   0          



(2)







Equations (1) and (2) can be used to calculate the static voltage gain achieved by using the impedance network. The average voltage of the capacitors can be determined using the above equations and can be written as:


         V  C 1         =        V  C 4       =          D S    2   −   4    D S     V i         V  C 2         =        V  C 3       =         1   −    D S    2   −   4    D S     V i         



(3)




where DS is the duty cycle’s shoot-through state.



Using the capacitors’ average voltages expressed in (3), the static voltage gain given by the impedance network associated with the T-Type inverter can be calculated as:


   V  P N       =        V  C 1     +    V  C 2     +    V  C 3     +    V  C 4       =        1  1   −   2    D S         V i     



(4)







As expected, the quasi-Z three-level T-Type VSI provides a voltage gain that is crucial for the aforementioned applications.



The inductance and capacitance values of a quasi-Z three-level T-Type VSI are calculated considering a specific maximum current and voltage ripple under nominal operation. The current and the voltage ripples ΔiL and ΔVC, respectively, can be obtained from the approximated dynamic behavior of the inductor currents and capacitor voltages. The next equations are adopted for the upper quasi-Z components. Similar equations can be obtained for the lower quasi-Z components.


    d  i  L 1    t    d t       =        v  L 1    t     L 1     



(5)






   i  L 1    t      =        v  L 1      L 1     t 1    +    i  L 1      t o     
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    d  v  C 1    t    d t       =        i  C 1    t     C 1     
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   v  C 1    t      =        v  C 1      C 1     t 1    +    v  C 1      t o     



(9)






    Δ  V  C 1      t 1      =        i  C 1      C 1     



(10)







From the previous relationships and the application of the Kirchhoff Laws, the passive parameters can also be obtained by:


   L 1  =  L 3  =    t 1       V i   2  +  V   C  1 , 4         Δ  i   L  1 , 3       =   δ   1 − δ      V i    2   1 − 2 δ    f s  Δ  i   L  1 , 3        



(11)
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(12)






   C 1  =  C 4  =    t 1   i   C  1 , 4       Δ  V   C  1 , 4       =   2   δ    I o      1 − 2 δ    f s  Δ  V   C 1       



(13)






   C 2  =  C 3  =    t 1   i   C  2 , 3       Δ  V   C  2 , 3       =     1 − δ      I o     f s  Δ  V   C  2 , 3        



(14)




where Io is the current flowing from the P terminal (see Figure 2) to the load and t1 is the time associated with the shoot-through-state duty cycle.



The minimum current and voltage standing for the power semiconductors are determined from the assumption that the average values of the currents in the inductors and voltages in the capacitors are zero at the end of the switching cycle (T). Therefore, the semiconductor’s minimum standing current and voltage are:


   I   S  1 , ⋯ , 6     =     4 δ   1 − 2 δ   +  1 δ     I o   



(15)






   I   D  1 , 2     =     4   1 − δ     1 − 2 δ   +  1  1 − δ      I o   
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   V   S  1 , ⋯ , 4     =  V  P N    
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   V   D 1    =  V   C 1    +  V   C 2    =  V   D 2    =  V   C 3    +  V   C 4    =    V  P N    2   



(19)








3. Proposed Improved Sinusoidal Pulse-Width Modulation Strategy


One of the disadvantages of the qZS inverter and its existing modulation techniques is that the conventional shoot-through state degrades performance and increases electromagnetic interference and harmonic distortion. In fact, during the shoot-through phase, the AC voltage immediately drops down to zero. To mitigate these issues, a new modulation strategy is proposed here.



The proposed SPWM strategy for the qZS inverter starts with the existing Simple Boost SPWM concepts for impedance source inverters [38], including the modulator references for the generation of the shoot-through intervals, namely, the positive and negative shoot-through references ST_pos and ST_neg. Figure 4 illustrates the Simple Boost PWM strategy and its existing switching scheme. The shoot-through references are added to the SPWM strategy with a value of ±(1 −DS) to provide the desired static voltage gain as expressed in (4).



In the existing Simple Boost SPWM modulator, the shoot-through state is associated with a short-circuit in the full DC link (Figure 3b) due to connecting the three terminals, P, O, and N, together directly. However, in the proposed Improved Boost SPWM modulation there are two additional switching states associated with these new shoot-through states. One of the shoot-through states is available through connecting the P and O terminals together (Figure 5a), which is called the upper shoot-through (UST). The second shoot-through state is available by short-circuiting the O and N terminals (Figure 5b), and is called the lower-shoot-through (LST). Using the additional UST and LST states has the benefit of allowing the inverter output to be powered by the intermediate DC voltage even during the shoot-through state.



To use the two extra shoot-through states in the new SPWM modulation strategy, Table 1 shows an analysis of the possible voltage level functions of the switches’ states (voltage level is VPN/2). In contrast to the existing SPWM, this table takes into account both the UTS and LST states. It also considers the voltage level that changes the least during the shoot-through state. This table also indicates that there are several redundant states.



The states analysis presented in Table 1 allows for the development of the new PWM modulation strategy that takes into account the upper and lower shoot-through states in order to avoid decreasing more than one voltage level when the shoot-through is activated. Figure 6 shows the developed PWM modulation strategy along with the corresponding switching scheme. Figure 7 depicts the implementation of this strategy. This demonstrates that the implementation of this strategy is simple, as illustrated using digital circuitry. Another aspect to note in the comparison of the two strategies (Figure 4 and Figure 6) is that the number of switches that change state during transitions is lower. This is a positive characteristic as it improves the converter’s efficiency.



Additionally, the redundant states are used to reduce the number of switches that change state during transitions without affecting the output voltage distortion, while decreasing the switching losses. The idea is not to change the desired voltage level, but only to minimize the number of devices switching, maintaining in this way the THD of the output voltage and current. Based on the combinatorial analysis presented in Table 1, the machine state sequence obtained to reduce the number of switching devices is shown in Figure 8. In this diagram, the ellipses represent the state of the switches at that voltage level, while the arrows represent the switches that change state to reach a specific voltage level.



The developed transition scheme allows the closing approach for the newly proposed modulation strategy to be devised. Figure 9 depicts the new PWM modulation strategy and its corresponding switching scheme. This new scheme avoids the shoot-through states associated with the short-circuit between the upper and lower DC poles when a voltage level of zero is not desired. In fact, this strategy avoids lowering more than one voltage level when the shoot-through is activated. As will be shown, this results in a reduction in the inverter output voltage THD. Figure 10 depicts the simple implementation of this strategy, illustrated using digital circuitry.



The new strategy here presented can be adapted to other modulation strategies, such as the MBC and the MCBC [38].




4. Comparative Study


This section presents, in Table 2, a comparison between the proposed modulation strategy for the T-Type single-phase quasi-Z inverter and some recent modulation strategies that, in addition to the standard shoot-through state, also use the two extra shoot-through states, namely upper shoot-through (UST) and lower shoot-through (LST).



Some recent modulation strategies are based on the traditional approach used in quasi-Z inverters, also using the two extra shoot-through states to improve the output voltage and current THD. However, as shown in Table 2, only the SPWM proposed in this paper can be applied to single-phase inverters. As a disadvantage, it cannot be applied to the three-phase inverter. This work is the first to propose a reduction in the number of switching states during transitions without affecting the output voltage distortion. Reducing the number of switching states reduces the switching losses and increases the converter efficiency. Furthermore, the proposed new SPWM modulation together with the strategy presented in [34] can be applied to the sinusoidal PWM modulation approach, whereas the remaining modulation strategies included in the comparison were developed based on the Space Vector-based PWM technique. Further, the proposed new SPWM modulation also reduces the converter input current ripple, while the remaining modulation strategies included in the comparison do not seem to present this advantage.




5. Simulation Results


Computer simulation tests were performed to verify the described properties, behavior, and operation of the T-Type single-phase qZS inverter against the existing and the newly proposed modulation strategies. The presented computer simulation tests were obtained from the well-known and established program Matlab/Simulink R2018a using the Power Systems Toolbox. The circuit parameters used for these tests are shown in Table 3. These parameters were not chosen for a specific application, since the purpose was only to test the proposed modulation approach. However, those parameters that can be used in photovoltaic systems in which serial connections between PV panels are adopted. These values are also compatible with 120 V RMS low-voltage grids.



The first simulation test was conducted using a modulation index and a shoot-through value of 0.8 and 0.05, respectively. This test was performed for both the existing and the newly proposed strategies. Figure 11, Figure 12 and Figure 13 show the results of the AC output voltage, AC output current, and converter input current, respectively, comparing the two modulation strategies. Figure 11a shows the AC output load voltage of the existing modulation, defined as standard modulation, and Figure 11b shows the same voltage for the proposed new modulation. These figures show that the AC output voltage obtained using the newly proposed modulation strategy does not decrease by more than one voltage level when the shoot-through is activated. This reduces the output voltage THD, as this voltage tracks the desired reference more closely. This also leads to a reduction in the output current THD. Figure 12a shows the AC output current of the standard modulation and Figure 12b presents the same current for the proposed new modulation, considering the same modulation index and shoot-through value. The waveform in Figure 12b clearly suggests the current contains less distortion, as the current waveform (especially near zero crossing) is approximated to a sine reference. Another advantage of the newly proposed modulation strategy is the reduction in the converter input current ripple, as shown by Figure 13b, when compared to the standard modulation strategy, presented in Figure 13a. Indeed, the current ripple seen in the classical approach is about 53% against 41% for the newly proposed modulation strategy. One disadvantage of the newly proposed modulation strategy is that its converter boost capability is slightly reduced. In this case, the peak voltage reduction is about 17%. However, this reduction depends on the shoot-through duty cycle. Thus, for lower shoot-through duty cycle values, the reduction is even lower.



Simulation tests with an increased shoot-through value (but the same modulation index value of 0.8) for the standard and the newly proposed strategies were also performed. Figure 14, Figure 15 and Figure 16 show the results of the AC output voltage, AC output current, and converter input current, respectively, comparing the two modulation strategies when the shoot-through increases to 0.08. As expected, the load voltage and current amplitudes increase, but the overall behavior is quite similar to the previous simulation tests. Figure 14a shows the AC output load voltage of the existing modulation, defined as standard modulation, and Figure 14b presents the same voltage for the newly proposed modulation, considering the same modulation index value of 0.8 and the new shoot-through value of 0.08. Again, this result shows that the new modulation generates a lower THD voltage. Figure 15a shows the AC output current waveform of the standard modulation and Figure 15b shows the same current for the proposed new modulation, considering the same modulation index and the new shoot-through value of 0.08. One noticeable difference is that the amplitude of the load current obtained with the newly proposed modulation strategy is now roughly equal to that obtained with the existing modulation strategy and shoot-through 0.05. One encouraging finding, though, is that the load voltage peak value obtained using the newly proposed modulation strategy and the shoot-through of 0.08 (Figure 14b) is smaller than the load voltage obtained using the standard modulation strategy (Figure 11a) with a shoot-through of 0.05. Therefore, the proposed strategy requires a lower load peak value voltage to achieve the same output load current. Indeed, the voltage peak in Figure 14b is 265 V (or 530 V peak-to-peak) and the peak voltage in Figure 11a is 300 V (or 600 V peak-to-peak). Several investigation studies show that the reduced peak voltage (direct and reverse voltage) decreases the probability of power devices’ breakdown, decreases the losses, decreases the operation temperature, and increases the reliability of the power semiconductors [39]. The converter input current exhibits a similar behavior because the ripple is reduced with the newly proposed modulation strategy. In fact, Figure 16 shows that, with the newly proposed modulation, the input current ripple is smaller when compared with the classical modulation strategy. The current ripple value obtained with the classical approach is about 64% compared to 38% for the newly proposed modulation strategy. So, considering the increased shoot-through value, the difference in current ripples obtained between the classical and the proposed strategies also increases. So, it is possible to conclude that this difference is not constant, being lower for lower shoot-through duty cycles.



As shown by the previous results, the waveforms of the load voltage for the newly proposed modulation strategy are closer to the reference voltage. This can be confirmed by the analysis of the load voltage and current THD as functions of the shoot-through duty cycle. To confirm this behavior, several simulation tests were conducted for different shoot-through values for both modulation strategies. Figure 17 presents evolution graphs for the voltage and current THD as functions of the shoot-through duty cycle for the existing (standard) and newly proposed modulation strategies. Figure 17a shows a fast increase in the THDs of the load voltage (THD-V) and current (THD-I) waveforms as the shoot-through increases, when using the existing (standard) modulation strategy. This does not occur, however, with the newly proposed modulation strategy, which presents THD values that are nearly constant or slightly decreasing despite the increase in the shoot-through duty cycle (see Figure 17b). In this way, it is possible to conclude that the newly proposed modulation introduces a reduction of around 50% in the output voltage distortion and of around 13% in the output current.



As pointed out, the effect of the suggested modulation strategy on the converter efficiency is another crucial factor. The converter efficiency was calculated through additional simulation tests considering the existing and newly proposed modulation strategies. Figure 18 shows the efficiency of the converter as a function of the shoot-through duty cycle. This figure suggests that the converter efficiency increases by 1%, showing the real value and usefulness of the newly proposed modulation strategy.



Figure 19 presents the power-loss breakdown at the nominal power output of 950 W, considering the power semiconductors conduction losses, switching losses and passive components losses. From these results, one important aspect is that the switching losses associated with the newly proposed modulation strategy become smaller, as well as the conduction and passive components losses, when compared to those of the existing modulation, due to the lower harmonic content.




6. Experimental Results


A laboratory prototype was assembled in order to experimentally validate the obtained simulation results shown in the preceding section. The nominal values of the components of the converter laboratory prototype are matched to those used in the simulations (Table 3). Some details of this prototype developed to perform the experimental tests can be seen in Figure 20. This figure shows a general overview of the 950 W proposed prototype, where is possible to see (1) the auxiliary power source; (2) the single-phase full-bridge VSI (S1–S4) (IXA12IF1200HB Si IGBT); (3) the bidirectional power devices of the proposed topology (S5-S6) (IXA12IF1200HB Si IGBT); (4) the qZS circuit which includes two main electrolytic capacitors (C2 = C3 = 1000 μF), two auxiliary capacitor (C1 = C4 = 200 μF), and two diodes (DHG10I1200PM); (5) the four inductors used in the qZS circuit (L1 = L2 = L3 = L4 = 200 μH); (6) the gate drive circuit board for power devices; (7) the general purpose control board based on the Microchip DSP microcontroller 30F4012; (8) the main DC Power Source; (9) the load inductors; and (10) the load resistors.



The conducted experiments are also the same as in the simulation. Consequently, the initial experiment began with a shoot-through value of 0.05 and a modulation index of 0.8, and was performed using both the newly proposed and existing modulation strategies. The results of the AC output voltage, AC output current, and converter input current obtained as a result of these two modulation strategies are shown in Figure 21, Figure 22 and Figure 23. The displayed results confirm how the proposed modulation strategy keeps the AC output voltage much closer to the reference by preventing the voltage levels from dropping more than one voltage level when the shoot-through is engaged (Figure 21). Figure 21 also shows that the newly proposed modulation generates a reduced voltage THD content which usually means less electromagnetic noise emission. The converter output current ripple is lower when using the newly proposed modulation technique when compared with the existing modulation technique (Figure 22). Figure 22 also shows that the newly proposed modulation generates a reduced current THD content which can be seen by the approximation to a perfect sine waveform. It is also possible to verify that, in contrast to the results obtained with the classical modulation strategy, the converter input current ripple obtained from the newly proposed modulation technique is smaller than that obtained using the existing modulation strategy (Figure 23). Indeed, the current ripple value obtained with the classical approach is about 57%, while the current ripple value obtained with the newly proposed modulation strategy is about 46%. A reduction in the boost capability is also observed, which can be verified when using the newly proposed modulation strategy, which confirms the simulation tests.



Similarly to the simulation tests, several laboratory tests were also performed for a different range of shoot-through duty cycle values to compare the behavior of the converter under the application of the two modulation strategies. Figure 24, Figure 25 and Figure 26 show the AC load voltage, the AC load current, and the converter input current, respectively, considering a modulation index of 0.8 and an increased shoot-through value of 0.08. The obtained results also show that, although the load voltage and current amplitudes grow as expected, they continue to behave in the same way as in the previous experimental tests. It is also possible to see that, with a shoot-through of 0.08, the load current amplitude generated by the suggested new modulation strategy is roughly equivalent to that produced by the existing modulation strategy. Figure 24 also shows that the peak voltage level of the existing modulation (Figure 24a) is slightly higher when compared to the newly proposed modulation (Figure 24b) considering a shoot-through value of 0.08. The amplitude of the load voltage attained with the newly proposed modulation strategy is, however, less than the amplitude obtained with the existing modulation strategy with a shoot-through of 0.05 (Figure 21a), which agrees with the presented simulation results. However, for the same load current amplitude, less voltage amplitude is needed when using the newly proposed modulation strategy which can be seen as an advantage of the proposed solution, as well as the current TDH content reduction. The converter input current’s decreased ripple when using the newly proposed modulation strategy also confirms the simulations results. This is also a clear advantage of using the newly proposed modulation strategy. In fact, the current ripple value obtained value with the classical modulation is around 69%, while the current ripple value obtained with the newly proposed modulation is around 42%. These values also confirm that the current ripple between the modulations is not constant, being lower for lower shoot-through duty cycles.



The harmonic distortion of the load waveforms produced by both modulation techniques was also obtained by experimental tests. This practical evaluation was performed for increasing the shoot-through duty cycle values. Figure 27 shows the results obtained for the voltage and current THD as function of the shoot-through duty cycle. The THD values were obtained using a Yokogawa oscilloscope with a 150 MHz bandwidth and 1 GS/s sampling. The values were then transposed to a spreadsheet in order to print the line graphs. This figure attests that, as shoot-through increases, the THD of the load voltage (THD-V) and current (THD-I) waveforms increase quickly when using the standard modulation strategy. This is not the case, however, with the newly proposed modulation strategy, as the THD stays reduced and nearly constant even as the shoot-through duty cycle increases. Experimental tests were also performed to evaluate the converter efficiency. Figure 28 shows the converter efficiency for a range of shoot-through duty cycle values. According to the obtained experimental results, the newly proposed modulation strategy improves efficiency by around 1%, as the newly proposed modulation technique reduces the number of switches that change state during transitions. The efficiency result presented in Figure 28 was calculated based on the measurement of the input power and output power, the ratio of which results in the efficiency. Additionally, to confirm this result, another method was also performed considering an analytical evaluation and calculation. The analytical calculation is based on the switching waveforms of all active and passive component voltages and currents. These waveforms were observed in the oscilloscope screen (stopped screen and observing a single period waveform for each device) using the ΔV (or ΔI) and ΔT tools [40]. These tools are lines that show up in the oscilloscope screen to measure the voltage (or current) and time differences which help to calculate the respective areas. The comparison of both methods revealed that the solution of measuring the input and output power provides similar results when compared with the analytical evaluation.




7. Conclusions


This work is focused on the improvement of the SPWM modulation strategy for the Single-Phase T-Type qZ Source Inverter. This converter is indicated for use in renewable generators, like photovoltaic applications, and, to achieve the necessary voltage level and enable the system to operate over a larger range of PV output voltage, the qZS network can be taken into consideration for PV voltage regulation. The proposed SPWM modulation strategy mitigates the single-phase T-Type qZS inverter’s loss of performance, increased electromagnetic interference, and harmonic distortion caused by the shoot-through state in existing modulation approaches. In this context, this paper proposed a new modulation approach for the single-phase T-Type qZS to enhance the quality of the load voltage and current, while increasing the efficiency as a consequence of the reduction in the switching change states during transitions. To increase the output voltage and input current quality, the newly proposed modulation avoided the shoot-through states connecting the upper and lower DC poles. Instead, when the shoot-through states need to be activated, the new modulation uses a new strategy, based on the upper and lower shoot-through states, with a reduction in the number of switches changing state, in order to avoid voltage decreases bigger than one voltage level. Simulation and experimental testing confirmed the prediction that the quality of the load voltage and current would improve, together with that of the input current. Prepared tests confirmed a reduction in the harmonic distortion in both the load voltage and the current, at the cost of a slight reduction in the converter boost capability, which is offset by the fact that lower peak voltages are needed to have the same output current. While in the existing modulation strategy the harmonic distortion increases rapidly as the shoot-through duty cycle increases, the newly proposed modulation strategy results show that harmonic distortion remained nearly constant as the shoot-through duty cycle increased. The simulation results showed that the newly proposed modulation presents and output voltage distortion of around 50% and an output current distortion of around 13%. Moreover, the newly proposed modulation strategy also reduced the ripple of the converter input current. In this case, an input current ripple reduction of around 27% was measured. Several tests revealed that the newly proposed modulation improves the converter efficiency around 1%. One aspect that was possible to see is that the comparative advantages are obtained at the cost of a lower converter voltage gain in the peak voltage. Future work is needed to quantify and compensate for this new modulation disadvantage, using the ratio of the first harmonic RMS output voltage to the RMS output current.
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Abbreviations




	VSI
	Voltage Source Inverters



	qZS
	Quasi-Z Source



	DC
	Direct Current



	AC
	Alternating Current



	SBC
	Simple boost Control



	MBS
	Maximum Boost Control



	MCBC
	Maximum Constant Boost Control



	NPC
	Neutral Point Clamped



	UST
	Upper Shoot-Through



	LST
	Lower Shoot-Through



	SVM
	Space Vector Modulation



	EMI
	Electromagnetic Interference



	PV
	Photovoltaic Panels



	DS
	Duty Cycle



	SPWM
	Sinusoidal Pulse With Modulation



	PWM
	Pulse With Modulation



	RMS
	Root Mean Square



	THD
	Total Harmonic Distortion



	Vi
	Input Voltage



	Vo
	Output Voltage



	VL
	Inductor Voltage



	VC
	Capacitor Voltage



	Io
	Output Current



	IL
	Inductor Current



	IC
	Capacitor Current



	Si
	Semiconductor Switch



	f
	Switching Frequency



	IU
	Upper Current



	IL
	Lower Current







References


	



Jamal, I.; Elmorshedy, M.F.; Dabour, S.M.; Rashad, E.M.; Xu, W.; Almakhles, D.J. A Comprehensive Review of Grid-Connected PV Systems Based on Impedance Source Inverter. IEEE Access 2022, 10, 89101–89123. [Google Scholar] [CrossRef]

	



Yadav, A.; Chandra, S.; Bajaj, M.; Sharma, N.K.; Ahmed, E.M.; Kamel, S. A Topological Advancement Review of Magnetically Coupled Impedance Source Network Configurations. Sustainability 2022, 14, 3123. [Google Scholar] [CrossRef]

	



Husev, O.; Shults, T.; Vinnikov, D.; Roncero-Clemente, C.; Romero-Cadaval, E.; Chub, A. Comprehensive Comparative Analysis of Impedance-Source Networks for DC and AC Application. Electronics 2019, 8, 405. [Google Scholar] [CrossRef]

	



Siwakoti, Y.P.; Peng, F.Z.; Blaabjerg, F.; Loh, P.C.; Town, G.E. Impedance-Source Networks for Electric Power Conversion Part I: A Topological Review. IEEE Trans. Power Electron. 2015, 30, 699–716. [Google Scholar] [CrossRef]

	



Ellabban, O.; Abu-Rub, H. Z-Source Inverter: Topology Improvements Review. IEEE Ind. Electron. Mag. 2016, 10, 6–24. [Google Scholar] [CrossRef]

	



Reddiprasad, R.; Debashisha, J. A Correlative Investigation of Impedance Source Networks: A Comprehensive Review. IETE Tech. Rev. 2022, 39, 506–539. [Google Scholar] [CrossRef]

	



Subhani, N.; Kannan, R.; Mahmud, A.; Blaabjerg, F. Z-source inverter topologies with switched Z-impedance networks: A review. IET Power Electron. 2021, 14, 727–750. [Google Scholar] [CrossRef]

	



Chub, A.; Vinnikov, D.; Blaabjerg, F.; Peng, F.Z. A Review of Galvanically Isolated Impedance-Source DC–DC Converters. IEEE Trans. Power Electron. 2016, 31, 2808–2828. [Google Scholar] [CrossRef]

	



Anderson, J.; Peng, F.Z. Four quasi-Z-Source inverters. In Proceedings of the 2008 IEEE Power Electronics Specialists Conference, Rhodes, Greece, 15–19 June 2008; pp. 2743–2749. [Google Scholar] [CrossRef]

	



Dabour, S.M.; El-hendawy, N.; Aboushady, A.A.; Farrag, M.E.; Rashad, E.M. A Comprehensive Review on Common-Mode Voltage of Three-Phase Quasi-Z Source Inverters for Photovoltaic Applications. Energies 2023, 16, 269. [Google Scholar] [CrossRef]

	



Ahangarkolaei, J.M.; Izadi, M.; Nouri, T. Applying a Sliding Mode Controller to Maximum Power Point Tracking in a Quasi Z-Source Inverter Based on the Power Curve of a Photovoltaic Cell. Electronics 2022, 11, 2164. [Google Scholar] [CrossRef]

	



Grgić, I.; Vukadinović, D.; Bašić, M.; Bubalo, M. Photovoltaic System with a Battery-Assisted Quasi-Z-Source Inverter: Improved Control System Design Based on a Novel Small-Signal Model. Energies 2022, 15, 850. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, X.; Li, X.; Yuan, H.; Xue, Y. Model Predictive Control-Based Dual-Mode Operation of an Energy-Stored Quasi-Z-Source Photovoltaic Power System. IEEE Trans. Ind. Electron. 2023, 70, 9169–9180. [Google Scholar] [CrossRef]

	



Hu, S.; Liang, Z.; Zhou, J.; Yu, X. Optimal Energy Efficiency Tracking in the Energy-Stored Quasi-Z-Source Inverter. Energies 2020, 13, 5902. [Google Scholar] [CrossRef]

	



Pires, V.F.; Foito, D.; Cordeiro, A. Three-phase qZ-source inverter with fault tolerant capability. IET Power Electron. 2017, 10, 1852–1858. [Google Scholar] [CrossRef]

	



Sharma, V.; Hossain, M.J.; Mukhopadhyay, S. Fault-Tolerant Operation of Bidirectional ZSI-Fed Induction Motor Drive for Vehicular Applications. Energies 2022, 15, 6976. [Google Scholar] [CrossRef]

	



Sonandkar, S.; Selvaraj, R.; Chelliah, T.R. Fault Tolerant Capability of Battery Assisted Quasi-Z-Source Inverter Fed Five Phase PMSM Drive for Marine Propulsion Applications. In Proceedings of the IEEE International Conference on Power Electronics, Drives and Energy Systems (PEDES), Jaipur, India, 16–19 December 2020; pp. 1–6. [Google Scholar] [CrossRef]

	



Siwakoti, Y.P.; Peng, F.Z.; Blaabjerg, F.; Loh, P.C.; Town, G.E.; Yang, S. Impedance-Source Networks for Electric Power Conversion Part II: Review of Control and Modulation Techniques. IEEE Trans. Power Electron. 2015, 30, 1887–1906. [Google Scholar] [CrossRef]

	



Panfilov, D.; Husev, O.; Blaabjerg, F.; Zakis, J.; Khandakji, K. Comparison of three-phase three-level voltage source inverter with intermediate dc–dc boost converter and quasi-Z-source inverter. IET Power Electron. 2016, 9, 1238–1248. [Google Scholar] [CrossRef]

	



Annam, S.K.; Pongiannan, R.K.; Yadaiah, N. A Hysteresis Space Vector PWM for PV Tied Z-Source NPC-MLI with DC-Link Neutral Point Balancing. IEEE Access 2021, 9, 54420–54434. [Google Scholar] [CrossRef]

	



Fernão Pires, V.; Cordeiro, A.; Foito, D.; Martins, J.F. Quasi-Z-Source Inverter With a T-Type Converter in Normal and Failure Mode. IEEE Trans. Power Electron. 2016, 31, 7462–7470. [Google Scholar] [CrossRef]

	



Do, D.-T.; Nguyen, M.-K. Three-Level Quasi-Switched Boost T-Type Inverter: Analysis, PWM Control, and Verification. IEEE Trans. Ind. Electron. 2018, 65, 8320–8329. [Google Scholar] [CrossRef]

	



Gutiérrez-Escalona, J.; Roncero-Clemente, C.; Husev, O.; Barrero-González, F.; Llor, A.M.; Pires, V.F. Three-Level T-Type qZ Source Inverter as Grid-Following Unit for Distributed Energy Resources. IEEE J. Emerg. Sel. Top. Power Electron. 2022, 10, 7772–7785. [Google Scholar] [CrossRef]

	



Xie, L.; Yao, J. Common-Mode Voltage Reduction and Neutral Point Voltage Balance Modulation Technology of Quasi-Z-Source T-Type Three-Level Inverter. Electronics 2023, 11, 2203. [Google Scholar] [CrossRef]

	



Gorgani, G.; Elbuluk, M.; Sozer, Y.; Rub, H.A. Quasi-Z-source-based multilevel inverter for single phase PV applications. In Proceedings of the 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, USA, 18–22 September 2016; pp. 1–7. [Google Scholar] [CrossRef]

	



Trabelsi, M.; Abu-Rub, H.; Ge, B. 1-MW quasi-Z-source based multilevel PV energy conversion system. In Proceedings of the 2016 IEEE International Conference on Industrial Technology (ICIT), Taipei, Taiwan, 14–17 March 2016; pp. 224–229. [Google Scholar] [CrossRef]

	



Liu, Y.; Abu-Rub, H.; Ge, B. Z-Source\/Quasi-Z-Source Inverters: Derived Networks, Modulations, Controls, and Emerging Applications to Photovoltaic Conversion. IEEE Ind. Electron. Mag. 2014, 8, 32–44. [Google Scholar] [CrossRef]

	



Guo, F.; Fu, L.; Lin, C.-H.; Li, C.; Choi, W.; Wang, J. Development of an 85-kW Bidirectional Quasi-Z-Source Inverter With DC-Link Feed-Forward Compensation for Electric Vehicle Applications. IEEE Trans. Power Electron. 2013, 28, 5477–5488. [Google Scholar] [CrossRef]

	



Mohammadi, M.; Moghani, J.S.; Milimonfared, J. A Novel Dual Switching Frequency Modulation for Z-Source and Quasi-Z-Source Inverters. IEEE Trans. Ind. Electron. 2018, 65, 5167–5176. [Google Scholar] [CrossRef]

	



Loh, P.C.; Gao, F.; Blaabjerg, F.; Lim, S.W. Operational Analysis and Modulation Control of Three-Level Z-Source Inverters with Enhanced Output Waveform Quality. IEEE Trans. Power Electron. 2009, 24, 1767–1775. [Google Scholar] [CrossRef]

	



Liu, Y.; Ge, B.; Abu-Rub, H.; Peng, F.Z. Overview of Space Vector Modulations for Three-Phase Z-Source/Quasi-Z-Source Inverters. IEEE Trans. Power Electron. 2014, 29, 2098–2108. [Google Scholar] [CrossRef]

	



Li, X.; Qin, C.; Chu, Z. Novel Space Vector Modulation Method for the Quasi-Z-Source Asymmetrical Three-Level Inverter. IEEE Trans. Circuits Syst. II Express Briefs 2024, 71, 281–285. [Google Scholar] [CrossRef]

	



Loh, P.C.; Gao, F.; Blaabjerg, F.; Feng, S.Y.C.; Soon, K.N.J. Pulsewidth-Modulated Z-Source Neutral-Point-Clamped Inverter. IEEE Trans. Ind. Appl. 2007, 43, 1295–1308. [Google Scholar] [CrossRef]

	



Effah, F.B.; Wheeler, P.W.; Watson, A.J.; Clare, J.C. Quasi Z-source NPC inverter for PV application. In Proceedings of the IEEE PES PowerAfrica, Accra, Ghana, 27–30 June 2017; pp. 153–158. [Google Scholar] [CrossRef]

	



Xing, X.; Zhang, C.; Chen, A.; He, J.; Wang, W.; Du, C. Space-Vector-Modulated Method for Boosting and Neutral Voltage Balancing in Z-Source Three-Level T-Type Inverter. IEEE Trans. Ind. Appl. 2016, 52, 1621–1631. [Google Scholar] [CrossRef]

	



Barrero-González, F.; Roncero-Clemente, C.; Milanés-Montero, M.I.; González-Romera, E.; Romero-Cadaval, E.; Husev, O.; Pires, V.F. Improvements on the Carrier-Based Control Method for a Three-Level T-Type, Quasi-Impedance-Source Inverter. Electronics 2019, 8, 677. [Google Scholar] [CrossRef]

	



Bayhan, S.; Trabelsi, M.; Ellabban, O.; Abu-Rub, H.; Balog, R.S. A five-level neutral-point-clamped/H-Bridge quasi-impedance source inverter for grid connected PV system. In Proceedings of the IECON 2016—42nd Annual Conference of the IEEE Industrial Electronics Society, Florence, Italy, 23–26 October 2016; pp. 2502–2507. [Google Scholar] [CrossRef]

	



Liu, P.; Xu, J.; Yang, Y.; Wang, H.; Blaabjerg, F. Impact of Modulation Strategies on the Reliability and Harmonics of Impedance-Source Inverters. IEEE J. Emerg. Sel. Top. Power Electron. 2020, 8, 3968–3981. [Google Scholar] [CrossRef]

	



Hu, K.; Liu, Z.; Yang, Y.; Iannuzzo, F.; Blaabjerg, F. Ensuring a Reliable Operation of Two-Level IGBT-Based Power Converters: A Review of Monitoring and Fault-Tolerant Approaches. IEEE Access 2020, 8, 89988–90022. [Google Scholar] [CrossRef]

	



Wu, R.; Wen, J.L.; Han, J.; Chen, Z.; Wei, Q.; Jia, N.; Wang, C. A Power Loss Calculation Method of IGBT Three-Phase SPWM Converter. In Proceedings of the 2012 Second International Conference on Intelligent System Design and Engineering Application, Sanya, China, 6–7 January 2012; pp. 1180–1183. [Google Scholar] [CrossRef]








[image: Electronics 13 01113 g001] 





Figure 1. Single-phase two-level standard quasi-Z source inverter. 
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Figure 2. Single-phase three-level quasi-Z source inverter based on the T-Type configuration. 
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Figure 3. Equivalent circuits associated with the two circuit states (a) non shoot-through state (b) shoot-through state represented by a short-circuit in red color. 
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Figure 4. Modulators, carrier signals, and transistor gate signals for the existing Boost SPWM modulation strategy. The S1*–S6* are the transistor gate signals without shoot-through and the S1–S6 are the transistor gate signals considering the shoot-through. 
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Figure 5. Equivalent circuits associated with the two extra shoot-through states: (a) upper shoot-through state, (b) lower shoot-through state. Shoot-through states (or short-circuit states) are represented in red color. 
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Figure 6. Modulating, carrier signals, and transistor gate signals for the proposed PWM modulation strategy. The S1*–S6* are the transistor gate signals without shoot-through and the S1–S6 are the transistor gate signals considering the shoot-through. 
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Figure 7. Implementation of the proposed PWM modulation strategy. The S1*–S6* are the transistor gate signals without shoot-through and the S1–S6 are the transistor gate signals considering the shoot-through. 
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Figure 8. Switching combination leading to the minimization of the number of switches that change during the transitions. 






Figure 8. Switching combination leading to the minimization of the number of switches that change during the transitions.



[image: Electronics 13 01113 g008]







[image: Electronics 13 01113 g009] 





Figure 9. Modulators, carrier signals, and switch gate signals for the proposed SPWM modulation strategy with minimization of the number of switches that change during the transitions. The S1*–S6* are the transistor gate signals without shoot-through and the S1–S6 are the transistor gate signals considering the shoot-through. 
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Figure 10. Implementation of the proposed SPWM modulation strategy with minimization of the number of switches that change during the transitions. 
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Figure 11. Simulation results of the load voltage for shoot-through of 0.05 and (a) standard modulation strategy or (b) newly proposed modulation strategy. 
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Figure 12. Simulation results of the load current for shoot-through of 0.05 and (a) standard modulation strategy or (b) newly proposed modulation strategy. 
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Figure 13. Simulation results of the converter input current for shoot-through of 0.05 and (a) standard modulation strategy or (b) newly proposed modulation strategy. 
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Figure 14. Simulation results of the load voltage for shoot-through of 0.08 and (a) standard modulation strategy or (b) newly proposed modulation strategy. 
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Figure 15. Simulation results of the load current for shoot-through of 0.08 and (a) standard modulation strategy or (b) newly proposed modulation strategy. 
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Figure 16. Simulation results of the converter input current for shoot-through of 0.08 and (a) standard modulation strategy or (b) newly proposed modulation strategy. 
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Figure 17. Simulation results of the THD as a function of the shoot-through duty cycle of the (a) load voltage (THD-V); (b) load current (THD-I). 
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Figure 18. Simulation results of the efficiency as a function of the shoot-through duty cycle. 
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Figure 19. Power-loss breakdown at 200 V, 950 W and 5 kHz; (a)—classic modulation; (b) proposed modulation. 
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Figure 20. Experimental setup of the proposed system; (1)—the auxiliary power source; (2)—the single-phase full-bridge VSI; (3)—the bidirectional power devices of the proposed topology; (4)—the qZS circuit which includes two main electrolytic capacitors, two auxiliary capacitors, and two diodes; (5)—the four inductors used in the qZS circuit; (6)—the gate drive circuit board for power devices; (7)—the general purpose control board; (8)—main DC power source; (9)—load inductors; (10)—load resistors;. 
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Figure 21. Experimental results of the load voltage for shoot-through of 0.05 and (a) existing modulation strategy or (b) newly proposed modulation strategy. 
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Figure 22. Experimental results of the load current for shoot-through of 0.05 and (a) existing modulation strategy or (b) newly proposed modulation strategy. 
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Figure 23. Experimental results of the converter input current for shoot-through of 0.05 and (a) existing modulation strategy or (b) newly proposed modulation strategy. 
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Figure 24. Experimental results of the load voltage for shoot-through of 0.08 and (a) existing modulation strategy or (b) newly proposed modulation strategy. 
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Figure 25. Experimental results of the load current for shoot-through of 0.08 and (a) existing modulation strategy or (b) newly proposed modulation strategy. 
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Figure 26. Experimental results of the converter input current for shoot-through of 0.08 and (a) existing modulation strategy or (b) newly proposed modulation strategy. 
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Figure 27. Experimental results of the THD function of the shoot-through duty cycle of the (a) load voltage (THD-V); (b) load current (THD-I). 
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Figure 28. Experimental results of the efficiency function of the shoot-through duty cycle. 
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Table 1. Possible voltage levels function of the switches’ states, showing the switches states, corresponding voltage level available in the upper shoot-through (UTS) and lower shoot-through (LTS). The necessary changes in the power switches are also described for each voltage level.
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Voltage Level

	
State of the Switches

	
Voltage Level with

UTS or LTS ON

	
Switches Changing State with
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S1
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S3
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+2 V
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1

	
0

	
0

	
+VPN/2

	
S5




	
1

	
0

	
0

	
1

	
0

	
0

	
+VPN/2

	
S6




	
+V

	
1

	
0

	
0

	
0

	
0

	
1

	
+VPN/2

	
S4, S5, S6




	
0

	
0

	
0

	
1

	
1

	
0

	
+VPN/2

	
S1




	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
S2, S4, S5, S6




	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
S1, S3, S5, S6




	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
S1, S2, S3, S4




	
−V

	
0

	
0

	
1

	
0

	
1

	
0

	
−VPN/2

	
S2




	
0

	
1

	
0

	
0

	
0

	
1

	
−VPN/2

	
S3, S5, S6




	
−2 V

	
0

	
1

	
1

	
0

	
0

	
0

	
−VPN/2

	
S6




	
0

	
1

	
1

	
0

	
0

	
0

	
−VPN/2

	
S5











 





Table 2. Comparison of the proposed modulation strategy with existing ones that also use the two extra shoot-through states.






Table 2. Comparison of the proposed modulation strategy with existing ones that also use the two extra shoot-through states.





	

	
Topologies

	
[31]

	
[32]

	
[33]

	
[34]

	
[Proposed]




	
Items

	






	
Application to the single-phase inverter

	
No

	
No

	
No

	
No

	
Yes




	
Application to the three-phase inverter

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Improvement of switches transitions

	
No

	
No

	
No

	
No

	
Yes




	
Base modulation strategy

	
SVPWM

	
SVPWM

	
SVPWM

	
SBPWM

	
SBPWM




	
Reducing the ripple of the converter input current

	
NA

	
NA

	
NA

	
NA

	
Yes








NA—Not addressed.













 





Table 3. Circuit parameters used for the simulation tests.






Table 3. Circuit parameters used for the simulation tests.





	Parameter
	Value





	Input DC voltage
	200 V



	Capacitors C1 and C4
	400 µF



	Capacitors C2 and C3
	1000 µF



	Inductors L1, L2, L3 and L4
	200 µH



	Inductor Load Lo
	10 mH



	Resistor Load Ro
	50 Ω



	Switching frequency
	5 kHz
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