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Abstract

:

In this paper, the performance of a new Z-source inverter (ZSI)-based single-stage power conditioning system (PCS) is analyzed for a standalone photovoltaic (PV) power generation system. The proposed ZSI-based PCS includes two main parts: one is the input from PV units and the other is the ZSI. In this work, a new topology, termed the switched inductor-assisted strong boost ZSI (SL-SBZSI), is introduced for improving the performance of the PCS. The proposed topology shows high boosting capability during the voltage sag in PV units due to variations in solar irradiation and temperature. Another key advantage is the reduced capacitor voltage stress and semiconductor switch voltage stress of the inverter bridge, which ultimately minimizes the size and cost of the single-stage PCS. The proposed ZSI topology falls under the doubly grounded category of inverter by sharing the common ground between the input and output. This is an additional feature that can minimize the leakage current of PV units at the ac output end. The operational principles, detailed mathematical modeling, and characteristics of the proposed SL-SBZSI for a standalone photovoltaic (PV) power generation system is presented in this paper for analyzing performance. The simulation results, which are performed in MATLAB/Simulink, demonstrate the improved performance of the proposed SL-SBZSI for the standalone PV system. The performance of the proposed topology is also evaluated through an experimental validation on a laboratory-based PV system.
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1. Introduction


The worldwide number of installations of renewable energy sources (RESs) is growing steadily as the end-user consumption of electrical energy has increased drastically. RESs, such as fuel cells, solar cells, wind energy, etc., contribute a significant amount to the current electricity market. The output power of these RESs greatly depends on various factors, such as chemical reactions (e.g., in fuel cells), wind speeds (e.g., in wind generators), and intensity of the sunlight (e.g., in solar photovoltaic (PV) systems). Most of these RESs are highly intermittent in nature and these intermittencies are usually tackled through battery energy storage systems (BESSs). There are different technologies for BESSs, and conventional electrochemical batteries as presented in [1] have widely been used. On the other hand, fast-growing supercapacitor technologies as discussed in [2,3,4,5] effectively eliminate the variations in RESs due to several benefits, such as long life, high power density, and short charge/discharge application. The photovoltaic (PV) system is one of the most popular RESs due to its abundance, credibility, and effectiveness. As reported in [6], the amount of installed PV energy generation around the world was around 90 GW in 2012 and the target amount is estimated as approximately 350 GW by the end of 2020. Evidently, PV energy is one of the most promising sources for mitigating future load demands.



Generally, PV energy is received from sun, and its extraction involves a large installation cost. The basic cost of this system relies on the photovoltaic panels and the interfacing power electronic converter that couples the source with the load. This part is commonly known as the power conditioning system (PCS). Figure 1 represents the traditional boost converter-based dual-stage and the Z-source inverter (ZSI)-based single-stage PCS. The main function of the PCS is to convert the output DC voltage of the PV unit into 50/60 Hz AC voltage suitable for households and grid applications. Traditionally, a voltage source inverter (VSI) with a DC–DC boost converter comprising the dual-stage PCS is used to convert the DC output power into AC power [7]. This additional DC–DC boost converter increases the size and cost of the PV power generation system. A ZSI for PV systems as presented in [8] obsoletes the additional boost converter with its distinct impedance network. Due to its shoot-through characteristics, the ZSI-based PCS can boost the input voltage of the PV system during voltage fluctuations due to changes in solar irradiation and environmental temperature. Although the ZSI turns the dual-stage traditional system into a single-stage system, it inherits some certain drawbacks regarding its performance, such as limited boost capability, high capacitor voltage stress, and high semiconductor switch voltage stress. For solving these problems, a quasi ZSI (qZSI)-based PCS is proposed in [9] that reduces the high voltage stress of capacitors and satisfactorily suppresses the start-up inrush current of the inverter. Furthermore, the qZSI provides a common ground between the PV input and inverter bridge which minimizes the common mode leakage current problem for PV modules [10]. Although the qZSI improves the performance of traditional ZSI, the boost factor remains similar to that of a ZSI.



For utilizing the full benefit of PV units under different operating conditions, different types of ZSI topologies have been developed for PV applications where the main focus is to improve efficiency. Three new topologies for ZSIs are proposed in [11,12,13], which are named improved ZSI, embedded ZSI, and series ZSI. All these topologies overcome the limitations of the traditional ZSI by lowering the voltage stress and suppressing the inrush current. However, the boost factor remains unaffected, though this is extremely important for PV applications where the output power changes continuously. Furthermore, the lower value of the boost factor significantly reduces the operational efficiency of the PV unit, which is unable to maintain the grid code and the low-voltage ride-through capability. Later efforts have been made to improve the boost factor of existing ZSIs. With this in mind, switched inductor-assisted ZSIs (SL-ZSI) are proposed in [14,15,16,17], while active switch ZSIs are presented in [18,19] to enhance the boost factor. The topologies as presented in [14,15,16,17,18,19] enhance the boost factor as compared to traditional ZSIs and qZSIs. Recently, an enhanced boost ZSI (EB-ZSI) [20], a modified capacitor assisted ZSI (MCA-ZSI) [21], and an embedded switched inductor quasi ZSI (ESL-qZSI) [22] have been used in conjunction with the shoot-through state of the pulse width modulation (PWM) scheme. The topologies in [20,21,22] clearly depict that the boost factor is significantly improved. However, the voltage stresses across the capacitors and semiconductor switches are also increased in these topologies due to the enhancement of the boost factor using the shoot-through state. Furthermore, these topologies do not take care of the common mode leakage current which is generally produced from the PV unit. This leakage current cannot be reduced automatically and, although the double ground feature can be used to overcome this problem, it has not been considered in the literature so far discussed in this paper. This explains the overall size of the PCS and associated cost increase for standalone PV applications due to the requirement of additional transformers. Thus, the size and costs of the ZSI-based PCS is still unable to be reduced.



This paper focuses on the development and performance analysis of a new ZSI topology for a standalone PV system. The main contributions of this paper are as follows:

	
Development of a new ZSI topology for the PCS in applications and topology, termed the switched inductor assisted strong boost Z-source inverter (SL-SBZSI), which includes a series structure impedance network with switched inductor technology.



	
The series structure impedance network is incorporated to reduce the voltage stresses across the capacitors and semiconductor switches compared to all existing topologies.



	
Switched inductor technology is used to enhance the boost factor as compared to other topologies, along with the shoot-through feature.



	
The double ground feature is utilized by incorporating a common ground between the input and output side of the proposed topology to overcome the problem associated with leakage current.








The performance of the proposed scheme is analyzed through both simulation and experimental studies on a simple standalone PV system. The results clearly indicate an improvement in the performance against existing topologies in PV applications.



The remainder of the paper is organized as follows. In Section 2, the operation of the proposed topology is illustrated while Section 3 describes mathematical modeling and characteristics of the proposed topology for analyzing performance against existing topologies. Section 4 includes the simulation results while experimental results are included in Section 5 to analyze the performance of the proposed scheme. Finally, the paper is concluded in Section 6.




2. Operation of Switched Inductor Assisted Strong Boost Z-Source Inverter (SL-SBZSI)


The configuration of the proposed SL-SBZSI is given in Figure 2 where two diode-assisted switched inductor (SL) cells are used. Inductors (L1 & L2) with diodes (D1, D2, & D3) and inductors (L4 & L5) with diodes (D4,D5, & D6) form the left and right sides of switched inductor (SL) cells, respectively. The middle inductor L3 is commonly merged in the impedance network. This impedance network is placed in series between the PV unit and the input-side of the inverter. The voltages across the capacitors on the both ends of SL cells are equal, i.e., VC1=VC4, where VC1 is the voltage across the capacitor, C1, and VC4 is the voltage across the capacitor, C4. Similarly, the voltages across the intermediate capacitors are equal, i.e., VC2=VC3, where VC2 is the voltage across the capacitor, C2, and VC3 is the voltage across the capacitor, C3. Figure 3 shows the equivalent circuits of the proposed inverter in the shoot-through and normal pulse width modulation (PWM) states, respectively. The operations of both states are explicitly described in the following subsections.



2.1. Shoot-Through State


When there is a voltage sag in the PV energy sources, the shoot-through state enters into the voltage sag mitigation control mode. For this purpose, the normal PWM mode of the proposed inverter turns into the shoot-through mode by gating ON the semiconductor switches (S1, S2,S3, and S4) of the inverter. During this period, the DC-link voltage Vdc−link at the input of the inverter becomes zero. The diodes (Do1 & Do2) become reverse-biased while diodes (D1,D2,D4, and D5) become forward-biased, which makes the SL cells a parallel configuration as shown in Figure 3a. In this operational mode, all inductors L1,  L2,  L3,  L4, and L5 are charged by the capacitors C1,  C2,  C3, and C4 and the inductor currents increase from their minimum to maximum values. The key switching behaviors of inductors and capacitors during the shoot-through mode are depicted in Figure 4. By applying Kirchhoff’s voltage law (KVL) on the shoot-through equivalent circuit, the inductor voltages VL1 and VL3 for inductor  L1 and L3 can be written as follows:


VL1=Vpv+VC2+VC4 ;      VL1=VL2=VL4=VL5



(1)






VL3=3( Vpv2+VC2)



(2)







A brief overview of the non-shoot-through state, i.e., the normal PWM state, is provided in the following subsection.




2.2. Non-Shoot-Through/Normal PWM State


When the voltage level of the PV unit remains in the steady-state, the proposed inverter acts like a traditional VSI and during this state, diodes (Do1 & Do2) become forward-biased and diodes (D3 & D6) make the SL cells a series configuration as shown in Figure 3b. During this normal PWM state of the operation, all inductors and the input DC power from the PV unit supply power to the output side of the inverter while all capacitors are being charged. The current through the inductor decreases and, at the same time, the voltage across the capacitor increases. Using KVL on the normal PWM equivalent circuit as shown in Figure 3b, the inductor voltages can be written as follows:


VL1=−VC42   ;    VL1=VL2=VL4=VL5



(3)






VL3=−VC2



(4)







Based on these operational states, the factors related to the different characteristics of the proposed SL-SBZSI for standalone PV applications are determined in the following section along with the analysis of these characteristics.





3. Boosting Control Modeling and Characteristics


The steady-state condition is analyzed in this section and the governing mathematical equations of the proposed SL-SBZSI are derived to demonstrate the relationship among different factors, such as the boost factor and duty shoot-through, and the voltage gain and voltage stress across semiconductor switches. The average inductor voltage over one switching period should be zero in order to satisfy the basic volt-sec balance principle for designing power electronics converters. By using the pairs of equations from two different operational modes, i.e., the pairs of Equations (1) and (3) and (2) and (4) and the employing volt-sec principle, the inductor voltages VL1 and VL3 can be written as follows:


(Vpv+VC2+VC4) DoTS+(−VC42 )(1−Do)TSTs=0



(5)






(3Vpv2+3VC2  ) DoTS+ (−VC2) (1−Do)TsTs =0



(6)




where Do is the shoot-through duty ratio and TS is the sampling time. By solving Equations (5) and (6), the capacitor voltages VC4 and VC2 can be sequentially written as the function of the shoot-through duty ratio and the output voltage of the PV system which can be written as follows:


VC1=VC4=2Do1−3Do(Vpv+VC2)



(7)






VC2=VC3=3Do2(1−4Do)Vpv



(8)







Substituting Equation (8) into Equation (7), VC4 can be written as:


VC1=VC4=Do(2−5Do)(1−7Do+12Do2)Vpv



(9)







In the non-shoot through mode, the DC-link voltage can be represented as follows:


Vdc−link=2VC2+VC4+Vpv



(10)







Therefore, substituting Equations (8) and (9) into Equation (10), it can be written as follows:


Vdc−link= (2−3Do−5Do2) Vpv2(1−7Do+12Do2)



(11)







The boost factor, B, of the proposed inverter can be written as the ratio of Vdc−link to Vpv which can be expressed as follows:


B=(2−3Do−5Do2)2(1−7Do+12Do2)



(12)







Again, the relationship between the voltage gain G and modulation index M of the inverter can be written as:


G=M×B



(13)







Using the value of B from Equation (12), the voltage gain in Equation (13) can be written as:


G=M×(2−3Do−5Do2)2(1−7Do+12Do2)



(14)







In the proposed SL-SBZSI topology, the simple boost control (SBC) PWM method as presented in [23] is adopted in order to demonstrate the operation of the inverter control system. Other traditional control techniques can be found in [24,25,26,27] for the shoot-through scheme of ZSIs. In the SBC control method, two modulation signals with 1800 phase shift are compared with a high frequency triangular carrier signal for generating the PWM switching signals. For the generation of the shoot-through pulses during the zero-state operation of the inverter, two constant positive and negative voltages are also used and compared with the triangular carrier signal. The shoot-through pulses are generated when the carrier signal is greater or lower than these constant positive and negative voltages. The generation of switching pulses for the proposed SL-SBZSI using the shoot-through scheme is shown in Figure 5, for which the relationship between the shoot-through duty ratio Do and modulation index M can be written as:


Do=1−M



(15)




and:


M=1−Do



(16)







By substituting Equation (16) into Equation (14), the voltage gain of the inverter can be written as follows:


G=(1−Do )(2−3Do−5Do2)  2(1−7Do+12Do2)



(17)







The governing equations, representing the relationship among different factors for the proposed topology by considering solar PV applications are summarized in Table 1.



The characteristic curves of the proposed inverter, along with three switched inductor/capacitor assisted ZSI topologies, namely, MCA-ZSI, EB-ZSI, and ESL-qZSI, and traditional ZSI are given in Figure 6. The comparisons are made based on boost factor, inverter switch voltage stress, and capacitor voltage stress (for both low- and high-stages). Figure 6a clearly shows that the proposed topology has better boosting capability compared to other existing topologies. At the same time, the switch voltage stress of the proposed topology is lower than other topologies, i.e., the switches in the proposed ZSI experience less voltage stresses, which can easily be seen from Figure 6b. The capacitor voltage stress during the high stage is moderate with the proposed topology as depicted in Figure 6c. However, during the low stage, the proposed topology allows the capacitors to handle more voltage stresses as compared to other topologies up to an acceptable duty shoot-through which is evident from Figure 6d. By considering all these factors, it can easily be seen that the proposed topology provides better performance compared to recently developed similar topologies for almost all cases, although the performance of the proposed topology is moderate for handling the capacitor voltage during the high stage. However, this stage is a very unusual situation, as the maximum rated voltage is considered during the selection of the capacitor, and such a situation does not appear for PV applications. Hence, the proposed topology will improve the performance for any application, including standalone PV applications. The performance of the proposed SL-SBZSI is analyzed in the following sections through both simulation and experimental results.




4. Simulation Results and Discussions


In this section, the improved performance of the proposed topology is verified through simulation results in MATLAB/Simulink. Simulation studies are carried out on a typical standalone PV system with the designed SL-SBZSI as shown in Figure 2. The parameters used for these simulations are provided in Table 2. In this paper, two different case studies are performed and one of these two cases considers solar irradiation as constant with varying temperature while the other case is used to demonstrate the performance by considering constant temperature but varying solar irradiation. These two cases are mainly considered to demonstrate the shoot-through and normal operations of the designed PCS. Finally, the performance of the proposed inverter is also analyzed for a dynamic condition in order to demonstrate its voltage compensation behaviors.



4.1. Case-1: Shoot-Through State: Constant Solar Irradiation at 1000 W/m2 but Varying Temperature from 25 °C to 55 °C


The output power of the PV unit changes with temperature even if solar irradiation is constant. During standard operating conditions, solar irradiation is generally considered to be 1000  W/m2, while the temperature is 25 °C. In this case study, the standard value of solar irradiation is considered and the temperature is varied from 25 °C to 55 °C , which corresponds to an output voltage of the PV unit as 116.6 V, i.e., Vpv=116.6 V. In this case, the AC load voltage is attained as 78.38 V (rms) which is achieved by maintaining the modulation index, M=0.8  and the shoot-through duty ratio, Do=0.03. From the simulation result as shown in Figure 7a, the DC-link voltage is 138.56 V for which the boost factor becomes 1.188, i.e., B=1.188 , and the calculated value of this boost factor using Equation (12) is 1.189. At this instant, the inverter voltage gain (G) becomes 1.154, which can easily be calculated using Equation (17), and the capacitor voltages can be calculated from Equations (8) and (9). The calculated values of these voltages are VC1=VC4=8.08 V and VC2=VC3=5.96 V. From the simulation result in Figure 7a, it can be seen that these capacitor voltages match with their corresponding calculated values. The output load voltage is shown in Figure 7b, from where it can be observed that the peak voltage of the load is 110.84 V, which corresponds to the rms value of 78.38 V. Thus, it can be said that the simulation result closely matches with the analytical result and the designed SL-SBZSI ensures the desired operational performance with changes in temperature.



From the results and analyses in Section 3, it is clearly noticeable that the boost factor of the proposed topology increased nearly 1.048 times compared to the conventional MCA-ZSI, EB-ZSI and ESL-qZSI topologies for the shoot-through duty ratio of D0=0.03. The voltage stress across the high-stage capacitors is around 0.069 times the applied input voltage, whereas conventional MCA-ZSI, EB-ZSI, and ESL-qZSI have stresses of 1.0682,1.1364, and 1.0682 times, respectively. On the other hand, the MCA-ZSI reduces the stress to the value of 0.034 for the low-stage capacitor which is 0.667 times lower than the proposed SL-SBZSI topology. However, for EB-ZSI and ESL-qZSI, the values are 1.0670 and 0.533 times the input voltage, respectively. Further gain can be achieved fairly by increasing the duty ratio according to the characteristic curves as shown in Figure 6a. From the characteristic curves as presented in Figure 6, it can be said that the proposed topology for the PV application improves the overall behavior in terms of different factors, such as the inverter gain, voltage stress across capacitors, and semiconductor switch voltage stress, compared to conventional topologies.




4.2. Case-2: Normal PWM State/Non-Shoot-Through State: Varying Irradiation from 250 W/m2 to 1000 W/m2 but Constant Temperature at 25 °C


The changes in solar irradiance decrease the output current and power while maintaining the sufficient voltage level. For the extraction of the maximum power from the PV unit, the output voltage of the PV unit is 146.5 V at the constant temperature of 25 °C. For this case study, the designed SL-SBZSI inverter works with its normal PWM mode where it is not essential to boost the voltage and, thus, the shoot-through duty ratio and modulation index are kept Do=0.00 and M=0.8, respectively. In this situation, the voltages across capacitors will be zero according to Equations (8) and (9) as Do=0, which can also be seen from Figure 8a. There are some slight variations across capacitors, although these values are not far away from zero.



Figure 8b clearly depicts that the peak value of the load voltage is 117.2 V for which the corresponding rms value is 82.8 V. Thus, it can be said that the designed ZSI also ensures the desired performance with the change in the solar irradiation.




4.3. Dynamic Voltage Compensation Behaviors of the Proposed SL-SBZSI


For this condition, the simulation is conducted for a total time period of 0.6 s. From Figure 9a, it can be noticed that the inverter operates in normal PWM state at t=(0.0 − 0.2) s, in voltage sag state at   t =(0.2 − 0.4) s, and again the normal PWM state is retained at  t =(0.4 − 0.6) s. The corresponding load voltage is shown in Figure 9b. At t=(0.2 − 0.4) s, the designed SL-SBZSI boosts the load voltage for compensating the voltage sag by injecting boost voltage as shown in Figure 9c and the boosted output load voltage is retained to the desired level as shown in Figure 9d.



This operation of the designed SL-SBZSI is summarized in Table 3 where the inverter operates at the shoot-through state from t =(0.4 − 0.6) s. From Figure 10, the operation states are segregated and shown in the same window from the normal PWM to the shoot-through state.



At first, the voltage sag is detected at t=0.2 s and the input voltage is found to be  Vpv=116.6 V. During this time, the shoot-through duty ratio is kept as Do=0.00 and the output load voltage becomes 65.9 V (rms), which is less than the desired voltage. At time t =0.4  s, the shoot-through duty ratio Do=0.03 is applied until t=0.6 s. Hence, the designed SL-SBZSI starts the boosting effect and satisfactorily retains the standard load voltage level, i.e., Vload=78.38 V (rms). The corresponding output load current is also shown in Figure 10 where this value is 1.27 A, i.e., Iload=1.27 A (rms). Hence, the designed SL-SBZSI exhibits dynamic voltage compensation characteristics.





5. Experimental Validation


The experimental setup for evaluating the performance of the proposed topology is shown in Figure 11, from where it can be seen that a PV emulator is connected to a VSI through the proposed topology. At the output of the inverter an LC filter is used and, finally, the power is delivered to a resistive load. The parameters used for this system are listed in Table 4.



During the experimental study, the performance of the proposed topology for the standalone PV application is analyzed to ensure its ability for the dynamic voltage compensation on a practical system. The experiment is conducted by considering the modulation index as M=0.8 and duty ratio of shoot-through Do=0.03, and the standalone PV system is operated using the normal PWM scheme until t=200 ms. At this stage, the input PV voltage is 146.5 V and the corresponding load voltage is 78.6 V (rms), as shown in Figure 12. However, the input voltage drops to 116.6 V due to changes in the PV unit and, at this stage, the experimental system is operated until t=400 ms where the normal PWM scheme is still used to generate the switching pulses for the VSI. In this condition, the system will experience voltage sag, which can also be seen from Figure 12, and here the rms value of the load voltage is 62.3 V. However, this voltage sag can be compensated by incorporating a shoot-through PWM scheme while keeping the input PV voltage at the same level, i.e., at 116.6 V, and this is applied at t=400 ms. Now, the system is operated until t=600 ms and, from Figure 12, it can be seen that the load voltage settles down to 78.2 V (rms), which is close to the initial load voltage. However, slight notches in the output voltage waveforms are noticeable in the experimental results. The notches or, in other words, the spurious harmonic effect in the output load voltage, is caused by the modulation control algorithm of the Z-source inverter, which generates switching noise for semiconductor devices and, consequently, distorts the output load voltage of the proposed inverter. The space vector pulse width modulation (SVPWM) technique can be employed to reduce this spurious harmonic effect, as SVPWM has a reduced commutation time in semiconductor switches, which ultimately reduces the harmonic content in the inverter output voltage. Moreover, the performance of the designed SL-SBZSI is consistent in both simulation and experimental results.




6. Conclusions


This paper presented a novel ZSI for standalone PV power conditioning systems. The designed ZSI has a strong boosting capability over a wide range of boost factors with respect to the low shoot-through duty ratio. During mitigation of the voltage sag, this topology significantly reduces the capacitor voltage stress and inverter switch voltage stress compared to conventional ZSIs, which guarantees a cost reduction factor for a single-stage PCS. With the combination of all existing features of traditional ZSIs, the designed SL-SBZSI adds an additional double ground that promises better performance for the PV system. The simulation results for both shoot-through and normal PWM states clearly demonstrate the effectiveness of the proposed topology, and the results of dynamic behavior for voltage compensation show the smooth operation of the designed SL-SBZSI-based PCS for transferring power from the PV unit to loads in a standalone system during the voltage sag condition. Experimental results associated with the dynamic voltage compensation also exhibit similar patterns to that of the simulation results. From simulation results, it is also identified that the proposed topology provides moderate performance in terms of handling the capacitor voltage stresses during the high-stage. Future work will deal with the reduction of this voltage stress for both grid-connected and standalone PV applications.
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Figure 1. Photovoltaic (PV) power conditioning scheme: (a) traditional dual stage conversion and (b) Z-source inverter (ZSI) based single-stage conversion. 
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Figure 2. Proposed switched inductor assisted strong boost Z-source inverter (SL-SBZSI). 
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Figure 3. Equivalent circuits of the SL-SBZSI: (a) shoot-through state and (b) normal pulse width modulation (PWM) state. 
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Figure 4. Key switching waveforms for the SL-SBZSI. 
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Figure 5. Shoot-through control signal waveforms for the SL-SBZSI. 
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Figure 6. Characteristic curves of the SL-SBZSI: (a) duty ratio vs boost factor, (b) voltage gain vs switch voltage stress, (c) duty ratio vs capacitor voltage stress (high-stage), and (d) duty ratio vs capacitor voltage stress (low-stage). 
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Figure 7. Simulation results during shoot-through state: (a) output voltage of the PV unit, DC-link voltage, and capacitor voltages, and (b) output load voltage. 
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Figure 8. Simulation results during normal PWM state: (a) output voltage of the PV unit, DC-link voltage, and capacitor voltages; and (b) output load voltage. 
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Figure 9. Simulation results: (a) output voltage of the PV unit, (b) sagged load voltage, (c) injected shoot-through voltage to load, and (d) output boosted load voltage. 
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Figure 10. Simulation results during the dynamic condition. 
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Figure 11. Experimental setup. 
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Figure 12. Experimental result for the dynamic voltage compensation. 
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Table 1. Governing equations of SL-SBZSI.
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	No.
	Parameters
	Equations





	1
	Boost factor, B
	(2−3Do−5Do2)2(1−7Do+12Do2)



	2
	DC-link voltage, Vdc−link
	(2−3Do−5Do2) 2(1−7Do+12Do2)Vpv



	3
	Capacitor voltage, VC
	  VC2=VC3= 3Do2(1−4Do)Vpv

VC1=VC4= Do(2−5Do)(1−7Do+12Do2)Vpv



	4
	Voltage gain, G
	(1−Do)(2−3Do−5Do2)2(1−7Do+12Do2)
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Table 2. Simulation parameters for the SL-SBZSI.
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	No.
	Parameters
	Symbols
	Value





	1
	Z-source impedance network: Inductor
	L1=L2=L3=L4=L5
	700 μH



	2
	Z-source impedance network: Capacitor
	C1=C2=C3=C4
	500 μF



	3
	Switching frequency
	fS
	10 kHz



	4
	Output filter: Inductor
	Lf
	1.2 mH



	5
	Output filter: Capacitor
	Cf
	10 μF



	6
	Load Resistance
	Rload
	65 Ω
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Table 3. Dynamic operation states.
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	No.
	Output Voltage of the PV Unit
	Shoot-Through Duty Cycle
	Operation Period
	Load Voltage
	Inverter Mode





	1
	146.5 V
	Do=0.00
	t =(0.0 − 0.2) s
	82.8 V(rms)
	Normal PWM



	2
	116.6 V
	Do=0.00
	t =(0.2 − 0.4) s
	65.9 V(rms)
	Normal PWM



	3
	116.6 V
	Do=0.03
	t =(0.4 − 0.6) s
	78.38 V(rms)
	Shoot-through
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Table 4. Experimental parameters.






Table 4. Experimental parameters.





	No.
	Parameters
	Symbols
	Value





	1
	Z-source impedance network: Inductor
	L1=L2=L3=L4=L5
	25 mH



	2
	Z-source impedance network: Capacitor
	C1=C2=C3=C4
	0.66 µF



	3
	Switching frequency
	fS
	10 kHz



	4
	Output filter: Inductor
	Lf
	8 mH



	5
	Output filter: Capacitor
	Cf
	6.5 μF



	6
	Load Resistance
	Rload
	342.86 Ω
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