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Abstract

:

In this paper, a single phase doubly grounded semi-Z-source inverter with maximum power point tracking (MPPT) is proposed for photovoltaic (PV) systems. This proposed system utilizes a single-ended primary inductor (SEPIC) converter as DC-DC converter to implement the MPPT algorithm for tracking the maximum power from a PV array and a single phase semi-Z-source inverter for integrating the PV with AC power utilities. The MPPT controller utilizes a fast-converging algorithm to track the maximum power point (MPP) and the semi-Z-source inverter utilizes a nonlinear SPWM to produce sinusoidal voltage at the output. The proposed system is able to track the MPP of PV arrays and produce an AC voltage at its output by utilizing only three switches. Experimental results show that the fast-converging MPPT algorithm has fast tracking response with appreciable MPP efficiency. In addition, the inverter shows the minimization of common mode leakage current with its ground sharing feature and reduction of the THD as well as DC current components at the output during DC-AC conversion.
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1. Introduction


The development and application of renewable energy sources like fuel cells, wind, geothermal heat and solar, etc., are of great current interest due to the shortage of conventional energy sources and their endless negative impacts on the environment and society. Solar photovoltaic (PV) energy is the dominant one among these renewable energy sources due to its ready availability, cost-effectiveness and reliability. As a result, the presence of PVs in the electrical power system are increasing, especially for single phase low power (≤5 kW) utility grids, but PV sources are capable of generating DC voltage at the output while AC voltage is required to connect these sources with grid. On the other hand, PV sources have the maximum commercial conversion efficiencies of 16%–20%. In addition, the PV characteristics depend on the environmental conditions like irradiance intensity and temperature. It is possible to get only one maximum power point (MPP) on the characteristic P-V for a specific set of operating conditions [1,2], so inverters with maximum power point tracking (MPPT) capability are required in between the PV source and the grid for reducing the cost of energy and utilize the maximum amount of available power from the PV as well as enhance the energy transfer efficiency from the PV sources to the utility grid. The MPPT-based PV inverters can be either single stage or two stage, but the typical PV inverters are based on two stage setups [3,4,5]. The two stage configuration has the advantages of easy control of MPPT and freedom to use the higher switching frequency of the DC-DC converter than the inverter, which in turns minimize the size and cost of the converter [6].



As mentioned earlier, PV has limited energy conversion efficiency which has led researchers to design MPPT systems to utilize the maximum available power from the PV. The PV array has nonlinear current against voltage (I-V) characteristics and Earth has rotation and revolution around the Sun, which results in the variation of the maximum power point (MPP) of the PV array with the variation of the solar irradiance level and temperature. In the past literature many techniques and algorithms for tracking the maximum power from the PV array have been discussed. These techniques include perturb and observe (P&O) [7], incremental conductance [8,9], particle swarm optimization [10,11], fuzzy control [12,13], neural network based schemes [14], etc. Perturb and observe and incremental conductance algorithms are the most used among these algorithms because of their suitability and simplicity to implement for any PV array as well as during implementation no information about the PV array is required. However, the P&O algorithm has some limitations like oscillations around the MPP under steady state conditions and poor tracking capability during changing irradiance [15]. To solve the problems of conventional P&O algorithms, the variable step size P&O has been introduced in [16]. This P&O algorithm shows reduce oscillations around the MPP whereas this oscillation reduction is only 50% compared with the conventional P&O algorithm and its tracking response is not appreciable. As a result, the algorithm parameters need to be updated. In contrast, incremental conductance has the ability to track the actual operating point and dynamic performance under rapidly varying conditions which is better than the P&O algorithm [17]. Also, it does not depend on the PV module characteristics. Though this conventional incremental conductance algorithm possesses the above advantages, its response is slow. To overcome the limitations of the conventional incremental conductance algorithm, the variable step size incremental conductance algorithm has been proposed in [18], where the fixed step has been multiplied by the slope of the PV. However, this variable step size incremental conductance algorithm is also unable to track accurately during times when the solar irradiation level is increasing [19], therefore, another modified incremental conductance algorithm for fast-changing solar irradiation levels has been proposed in [20] which is able to track accurately and has fast response. By modifying the algorithm proposed in [20], this paper utilizes a fast-converging algorithm to track the maximum power of the PV array. The algorithm has the ability to respond faster and has no steady state oscillation compared with the classical incremental conductance algorithm during fast varying solar irradiation. As the response of this algorithm is faster, the tracking efficiency of the PV system also increases during fast varying solar irradiation conditions.



Another important challenge for researchers is how to design high conversion efficiency inverters for power conditioning to take full advantage of the available solar energy. Great interests have been shown in designing the inverter as the power conditioner of solar PV systems. Isolated inverters increase the system costs, size and decrease the overall system efficiency due to presence of small high frequency or bulky line frequency transformers in the system for electrical isolation [21]. On the other hand, the use of transformer-less inverters reduces both the cost and size along with improved system efficiency. Some studies in particular [22,23] show that the transformer-less inverter increases the overall system efficiency by 2%. Besides, the requirement of galvanic isolation from low voltage utility grid becomes almost obsolete. Thus, transformer-less inverters has become the mainstream technology in the market [24,25].



Transformer-less inverters require the minimization of the connection effect between the input source and the grid. Another great problem is the common mode leakage current of transformer-less inverter, particularly for PV inverter topology. Presently, most PV arrays contain metallic frames and have large surface areas. These large surfaces and metallic frames create parasitic capacitances in the PV array [26]. Without proper protection, large leakage currents may flow through this capacitor and grid due to the presence of a direct path between the PV array and grid. The leakage current reduces the current quality of the grid, raises the overall system losses and induces electromagnetic interference (conducted and radiated) [24,26,27,28]. Some literature reveals that one way to solve the common mode leakage current problem is to use doubly grounded topologies for the PV array. By sharing the same ground between the input and output of the inverter or in other way, between PV and utility grid, generation of the common mode voltage can be controlled and thus the common mode leakage current is minimized. The advantages of these topologies are simple circuit design, lower investment costs and less safety concerns [29,30], therefore, this paper focuses on the doubly grounded transformer-less inverter topology for PV systems.



In addition, another problem associated with transformer-less inverters is the injection of DC current into utility grid due to the absence of transformers and thus causes the degradation in the power quality. It can be found from [30,31,32], that DC current causes saturation of the distribution transformer as well as the current transformer, increases the harmonic distortion, decreases the overall efficiency of the system, errors in the measurement of energy meters and protective equipment starts malfunctioning. Standards from the IEEE and IEC provide some limits for the maximum allowable DC current injection to the grid [33,34,35]. The limits of maximum allowable DC current vary from 0.5%–1% of the rated output current of the inverter [33,34,35]. Another important power quality issue is THD for transformer-less PV inverter. It is found that the power conditioning system cannot inject harmonics into grid by more than 5% [33,36].



Several transformer-less inverters with MPPT have been proposed in [6,37,38,39,40,41,42,43] for PV system to overcome the abovementioned problems. Most of these topologies have no doubly grounded features. Topologies in [44,45] have doubly grounded features by splitting the PV panels into two halves, but splitting the PV panels has some problems. The two PV panels generate alternate half cycles of the grid current and if these two halves operate under different solar irradiance levels or have some mismatches then the system generates a distorted grid current, high total harmonic distortion and DC current injection. Also, the overall system efficiency decreases because only one half of the PV has been utilized in the AC half cycle which results in more ripple voltage across PV modules. Another doubly grounded single phase transformer-less inverter has been proposed in [39] which utilizes only one PV array and one buck boost inductor, but to generate the negative half cycle of the AC voltage it requires three switches and one diode and for the positive half cycle it requires three switches and two diodes, which results in increased losses due to the large number of switches.



Considering the aforementioned discussion, a single phase transformer-less doubly grounded semi-Z-source inverter for PV system with MPPT is proposed in this paper, as shown in Figure 1. The proposed system utilizes a buck-boost DC-DC converter for tracking the MPP of the PV and a single phase semi-Z-source inverter for DC-AC conversion. A single-ended primary inductor converter (SEPIC) has been chosen as DC-DC converter due to its output gain flexibility with the variation of input voltage and its ability to transfer energy in continuous mode which in turn, shows the ability to work with any irradiation level. On the other hand, the single phase semi-Z-source inverter requires only two active switches to generate sinusoidal voltage at the output which is a benefit of this topology over traditional single-phase full bridge inverters. This system is able to track the MPP of a PV array and produce AC voltage at its output by utilizing only three switches.
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Figure 1. Proposed single phase semi-Z-source inverter with MPPT. 
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A fast-converging algorithm for tracking the MPP of PV has been used which is fast in response and shows higher MPP efficiency. This cost-effective downsized inverter system aims to minimize the common mode leakage current with its ground sharing feature. It also ensures less THD and DC current at its output as the inverter utilizes a coupled inductor technique. Moreover, this power conditioner is acceptable for interfacing RESs as well as PVs to a utility AC grid, thus providing a stand-alone PV or RESs power conditioner. Besides, the Z source network on the AC side of the semi-Z-source network is different from the conventional Z source or quasi Z source inverter topology and thus in the size of the system is minimized. In addition, the coupled inductor contributes to minimizing the size of the inverter and diminishes the input current ripple as well. Furthermore, the use of the MPPT contributes to the utilization of the maximum power of the PV array. To generate sinusoidal voltage at the output, this inverter topology uses the nonlinear sinusoidal voltage gain curve as voltage reference. For this, a nonlinear SPWM technique is used to obtain necessary control signal.



Section 2 shows the working principle of the proposed inverter topology, which includes the working principle of the DC-DC converter with the MPPT algorithm, and the basic operation principle of semi-Z-source inverter, as well as experimental validation of the semi-Z-source inverter. Experimental results of the proposed single phase semi-Z-source inverter with MPPT system are presented in Section 3. Finally, in Section 4 conclusions are drawn by summarizing the significant points of the study.




2. Working Principle


2.1. MPPT Working Principle


2.1.1. PV System with DC-DC Converter


A single ended primary inductor converter (SEPIC) has been used as a DC-DC converter for tracking the MPP of the PV array. The relationships between the voltage and current of the converter at the input and output sides are shown in Equations (1) and (2). The following equations are specifically required for SEPIC and may be different for other types of converter. Equation (3) shows that the duty cycle can be regulated, and thus, the input resistance (load line) of the converter can be varied until the load line cuts through the I-V curve at MPP:
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(1)
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(2)







Equation (1) is then divided by Equation (2) to obtain Equation (3) as follows:
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(3)




where Vin is the input voltage of the converter or the voltage of the PV module Vpv; Iin is the input current of the converter or the current of the PV module Ipv; Rin is the input resistance of the converter or the resistance seen by the PV module; and Rout is the output resistance of the converter or load resistance Rload.




2.1.2. MPPT Algorithm


The proposed algorithm adopts the relationship between the load line and the I-V curve to introduce a fast-converging algorithm. In the proposed system, the voltage and current of the PV module are sensed by the MPPT controller. In the PV system, Equation (3) can be rewritten to obtain Equations (4) and (5) as follows:
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(4)
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(5)







The duty cycle, voltage, and current of the PV module are substituted into Equation (5) to obtain the load resistance. Then, the duty cycle can be calculated by substituting the desired voltage (Vmpp) and current (Impp) of the PV module into Equation (7) as follows:
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(6)
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(7)




where  [image: Energies 07 03618 i008].



In the proposed algorithm, the load of the PV system is calculated by using Equation (5). Then, Equation (7) is used to ensure that the system responds rapidly to operate near the new MPP after a increase or decrease in the solar irradiation. Meanwhile, for the variation in load, Equation (5) is used to calculate the new load resistance, and then Vmpp and Impp are substituted into Equation (7) to obtain the new duty cycle.



2.1.2.1. Decrease in Solar Irradiation Level


Initially, the PV system operates at load line 1 as in Figure 2a, the current and voltage of the PV module are represented by Vmpp and Impp. When the solar irradiation decreases, the operating point changes to load line 1, point A (V1, I1). The proposed algorithm is used to accelerate the convergence of the system. Therefore, the desired values of voltage and current are needed to substitute into Equation (7). Normally, the current of the PV module at the MPP is close to the short circuit current Isc (about 0.8Isc). When the solar irradiation decreases, the operating current of the PV module (I1) is near to the short circuit current Isc at 0.4 kW/m2, as shown in Figure 2a. Therefore, I1 can be approximated as Impp0.4. Generally, the MPP voltages for each level of solar irradiation are close to one another. Hence, the previous MPP voltage, Vmpp, and the operating current I1 are substituted into Equation (7) to obtain the new duty cycle. Then, the new duty cycle is applied to the converter, and the PV module operates at load line 3, point B (V2, I2), which is very close to the new MPP at 0.4 kW/m2 of solar irradiation. During only one sampling time, the operating point of the PV module is regulated from point A to B. Then, the conventional incremental conductance algorithm is applied to track the new MPP. With only a few more conventional steps, the proposed algorithm can track the new MPP at 0.4 kW/m2 which helps to reduce the convergence time from point A to point C.
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Figure 2. Load lines on I-V curves for solar irradiation level of 0.4 kW/m2 and 1.0 kW/m2. 
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2.1.2.2. Increase in Solar Irradiation Level


Initially, the PV system operates at load line 1 as in Figure 2b, the current and voltage ratings of the PV module are Vmpp0.4 and Impp0.4, respectively. When the solar irradiation increases, the operating point changes to load line 1, point D (V1, I1). During the decrease in solar irradiation, the new operating current I1 is approximated as the new Impp. However, during the increase in solar irradiation, I1 cannot be approximated to Impp because it is far away from the short circuit current Isc for the new level of solar irradiation, as shown in Figure 2b. Therefore, an additional step is needed in this circumstance to ensure that the operating current of the PV module becomes close to the short circuit current. From Figure 2b, points E, Voc1.0, and Vmpp0.4 form a right-angled triangle. Then, trigonometic rule is used in Equation (8) to obtain the operating current Ix, which is near to the Isc for 1.0 kW/m2 of solar intensity. The open circuit voltage Voc of the PV module in Equation (9) is the estimated open circuit voltage obtained by Vmpp/0.8. Then, Vmpp is the voltage at the MPP before variation in solar irradiation. V1 is the voltage of PV module after the variation of solar irradiation:
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Equation (8) is rearranged to obtain Equation (9):
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(9)







In the second step, Ix and the voltage of the previous MPP i.e., Vmpp0.4 are substituted into Equation (7) to obtain the new duty cycle. With the new duty cycle, the PV module operates at point F (V2, I2), which is close to the new MPP at 1.0 kW/m2. Then, the conventional incremental conductance algorithm is used to track the MPP.




2.1.2.3. Load Variation


When the load is varied, the operating point of the PV module diverges from the MPP (change in load line position). A new duty cycle is required to ensure that the PV module operates at the MPP again. The new resistance of the load is calculated by using Equation (5). As variation only exists in the load and the I-V curve is unchanged, the voltage and current at the MPP remain unchanged. The Vmpp and Impp are substituted into Equation (7) to obtain the new duty cycle can be calculated after variation in the load. With the new duty cycle, the PV module operates at the point close to the MPP. The conventional algorithm is then used to track the MPP.



Figure 3 shows the flow chart of the proposed algorithm. A flag value is used to indicate that the PV system operates at the MPP if it is set to 1. Initially, the flag is clear. Then, the conventional incremental conductance algorithm is used to track the MPP. A permitted error of 0.06, shown in Equation (10), is used in the algorithm to eliminate steady-state oscillation in the system after the MPP is reached. The permitted error is chosen based on the duty cycle step size (0.005), and the accuracy in the power of the PV module at the MPP is ±0.7%:
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(10)
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Figure 3. Flow chart of the proposed MPPT algorithm. 
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When the MPP is tracked, the flag is set to 1. Then, Equation (10) is checked. If the equation is satisfied there is no variation in duty cycle. When there are variations in solar irradiation or load, Equation (10) no longer holds, and the flag is cleared. Then, Equation (5) is used to calculate the resistance of the load. If both the current and voltage of the PV module are decreased, Equation (7) is used to calculate the new duty cycle. If both the current and voltage of the PV module are increased, Ix is calculated by using Equation (9), and then, the new duty cycle is calculated using Equation (7). In the case of a nonlinear load, the response of the system is slower (not able to operate near the new MPP in single perturbation), and thus, changes in the power of the PV module are observed. If the power of the PV module increases, the algorithm will be in a loop; Equation (7) is used to calculate the new duty cycle. Until the difference in power (dP) is smaller than 0.06, then the algorithm goes into conventional algorithm. Meanwhile, for load variation, the new duty cycle is calculated using Equation (7) after the resistance of the load is obtained by Equation (5).






2.2. Semi-Z-Source Inverter Working Principle


Topology of the semi-Z-source inverter [46] as power conditioner is shown in Figure 4a and duty cycle vs. voltage gain curve is shown in Figure 4b. It is seen that when the duty cycle of the switch S1 varies from 0 to 1/2, the inverters can provide positive voltage at the output, whereas, from 1/2 to 2/3 the output voltage is negative. For the duty cycle of 1/2, the inverter produces zero voltage at output.
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Figure 4. (a) Single phase doubly grounded semi-Z-source inverters, (b) voltage gain of Semi-Z-source inverters. 
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The single phase transformer-less semi-Z-source inverter topology shown in Figure 4a has been chosen to analyze steady state operation principle. Figure 5 and Figure 6 show the steady state operation of the semi-Z-source inverter. In state I, the switch S1 conducts while switch S2 does not conduct as shown in Figure 5a and Figure 6a. In state II, the switch S2 conducts while switch S1 does not conduct as shown in Figure 5b and Figure 6b. The duty cycle of Switch S1 is represented by D. Figure 5 represents the two states of operation respectively when the value of D < 0.5. In state I of Figure 5a, the switch S1 conducts to allow input voltage source and capacitor C1 charge the two inductors. In state II of Figure 5b, the switch S2 conducts and the two inductors have turned into sources. For both states, the output voltage has positive polarity. Figure 6 also represents the two states of operation for the value of D > 0.5. For this case, the current of the two inductors changes the direction with respect to Figure 5.
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Figure 5. Modes of operation of semi-Z-source inverters when D < 0.5: (a) State I; (b) State II. 
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In state I of Figure 6a, the switch S1 conducts and the two inductors operate as two sources while in state II of Figure 6b, S2 conducts and input voltage source as well as capacitor C1 and C2 again charge the two inductors. For both states, output voltage has the negative polarity.
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Figure 6. Modes of operation of semi-Z-source inverters when D > 0.5: (a) State I; (b) State II. 
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For the following steady state equations the capacitors C1 and C2 voltages have been considered as VC1 and VC2 respectively. Also, the directions of current references of the inductor and the voltage references of the capacitor are shown in the Figure 5 and Figure 6 have been considered for the following steady state equations. The steady state equations can be derived based on inductor voltage-second balance and capacitor charge balance principle. Applying net volt-seconds balance principle to inductor L1 over one switching period, it can be found that:
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(11)







Applying net volt-seconds balance principle to inductor L2 over one switching period, it can be found:
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(12)







From Equations (11) and (12), it can be said that:


VC1 = Vin



(13)
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(14)







By applying net capacitor charge balance principle to capacitor C1 and C2 over one switching period, the following equations can be derived:
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(15)






IL2 = − I0



(16)
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(17)







If it can be assumed that, inverter output voltage is Equation (18) then the modulation index can be expressed as in Equation (19):


V0 = V sin ωt



(18)
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(19)







By substituting the values from Equations (18) and (19) into Equation (14), it can be found:
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(20)







The duty cycle of the switch S2 is D′ = 1-D, which can be expressed as Equation (21):
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(21)







Let the output current expressed in Equation (22) have the same phase as the output voltage. Voltage across the switch during the OFF state can be presented by Equation (23), which is depicted in Figure 7a. Current through the switch during the ON state can be expressed by Equation (24) which is shown in Figure 7b. It can be inferred from Figure 7a along with Equation (23) that, the maximum OFF state voltage across the switch is 3Vin. At the same time, the maximum ON state current through the switch can be determined from Figure 7b along with Equation (24) and the value is 3I. For both these cases, the value of D = 2/3, the value of M = 1 and the value of ωt = 3π/2:


Io = I sin ωt



(22)
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(24)
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Figure 7. (a) Off state voltage across the switch vs. M and ωt, (b) On state current through the switch vs. M and ωt. 
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Voltage across capacitor C1 can be derived from Equations (15) and (20) which is shown in Equation (25). Figure 8a shows the graphical representation of Equation (25). As depicted in this figure, the maximum voltage across capacitor C1 is 2Vin when, the value of D = 2/3, the value of M = 1 and the value of ωt = 3π/2.
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Figure 8. (a) Voltage across capacitor C1 vs. M and ωt; (b) Current through inductor L1 vs. M and ωt. 






Figure 8. (a) Voltage across capacitor C1 vs. M and ωt; (b) Current through inductor L1 vs. M and ωt.
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In the same way, current through inductor L1 is stated in Equation (26) which derived from Equations (17), (20) and (22). Current through inductor L1 is shown in Figure 8b and the maximum current through inductor L1 is 2I when, the value of D = 2/3, the value of M = 1 and the value of ωt = 3π/2:
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(25)
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(26)







Voltage ripple of the capacitor C1 and the current ripple of the inductor can be dictated by Equations (27) and (28) respectively considering L1 = L2. Voltage ripple of the capacitor C1 is presented in Figure 9a with respect to the modulation index M and output phase angle ωt. By using Equations (25), (27) and Figure 8a, the value of capacitance C1 can be calculated by considering the peak ripple requirement of the current. Current ripple of the inductor L1 is depicted in Figure 9b with respect to modulation index M and output phase angle ωt. Now, from Equations (26), (28) and Figure 8b, the value of inductance L1 can be selected by considering the peak ripple requirement of the current. More details can be found in [41]:
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(28)
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Figure 9. (a) Voltage ripple capacitor C1; (b) Current ripple of inductor L1. 
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2.3. Semi-Z-Source Inverter Modulation Principle


It is possible to control the voltage gain polarity by controlling the duty cycle of the switch, but the relation between duty cycle and voltage gain is a straight line for a traditional full bridge inverter and for this reason, to generate a sinusoidal voltage at the output, the SPWM technique is used [46]. On the contrary, the semi-Z-source inverter has a nonlinear relation between voltage gain, so a nonlinear SPWM is used to generate a sinusoidal wave, as shown in Figure 10. A derived reference voltage is shown in Equation (21) to control the duty cycle of switch S2. To turn on switch S2, it is necessary that the reference value should be greater than carrier value. Equation (20) shows the reference signal for controlling the duty cycle of switch S1 which is complementary from the duty cycle of switch S2 and the range of modulation index is between 0 and 1. Figure 10 shows the switching signals of the two switches S1 and S2 at the time when the modulation index is 2/3.
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Figure 10. Modulation principle of semi-Z-source inverter. 
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2.4. Experimental Validation of Semi-Z-Source Inverter


For the purpose of experimental validation, a prototype rated 48-W, 50 Hz transformer-less semi-Z-source inverter is constructed according to the diagram shown in Figure 4a. The input voltage of this prototype is around 50 V and output voltage is around 35.35 V. The switching frequency of this system is 50 kHz. It is seen from Figure 7a that the maximum off state voltage that is needed to withstand by the switch is 150 V. Here, for the prototype, two MOSFETs (STP75NF20) are chosen as switches. According to the design procedure mentioned earlier, the peak voltage across the capacitor C1 is 100 V. The values of both the capacitor C1 and C2 are 4.7 µF considering voltage ripple is limited to 5.75% of the peak voltage across the capacitors. For the prototype, polyester film capacitors (MPE475K) are chosen. A performance real time target machine (SPEEDGOAT) has been used to produce the switching signals for the inverter.



Two inductors (L1 and L2) used in semi-Z-source inverters can be placed in a single core or in two different cores. To minimize the input current ripple and to reduce the size, the coupled inductor method is chosen for the prototype thus ensuring identical current flow. For high frequency operation, ferrite materials have low loss features and for this, a magnetic core of ferrite material (45528EE) is chosen for this prototype. To prevent the inductor core from saturation under load, an air gap is used within the core structure because the energy being stored in air gap will prevent the core from saturation under load. For the prototype, the maximum load current peak value is around 2A. According to the design procedure mentioned earlier, the peak current of inductor L1 is 4A. The value of the inductor L1 is 400 µH considering the current ripple is limited to 1/3 of the peak current of the inductor. The values of the inductor L2 is also 400 µH that can be calculated by the same procedure. Finally, the total harmonic distortion (THD) of the output voltage and current has been analyzed using a YOKOGAWA WT 1800 precision power analyzer.



Experimental results of the laboratory prototype model of 48-W transformer-less semi-Z-source inverter are shown in Figure 11, Figure 12 and Figure 13. The prototype has been tested under R load and R-L load. During the laboratory experiments, around 50 V input voltage has been applied and modulation index has been fixed to 0.95. Around 27 Ω resistance and 285 mH inductance have been used as load.
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Figure 11. (a) Experimental waveforms of gate to source voltage, drain to source voltage, output voltage, output current for R load; (b) zoomed in waveform of (a); (c) experimental waveforms of drain to source voltage of two switches, output voltage, output current for R load; (d) zoomed in waveform of figure (c). 






Figure 11. (a) Experimental waveforms of gate to source voltage, drain to source voltage, output voltage, output current for R load; (b) zoomed in waveform of (a); (c) experimental waveforms of drain to source voltage of two switches, output voltage, output current for R load; (d) zoomed in waveform of figure (c).
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Figure 11a,b shows the gate to source voltage VGS1 of switch S1, drain to source voltage VDS1 of switch S1, output voltage V0, output current I0 and their zoomed version respectively during R load condition. VGS1 and VDS1 of switch S1 are operating in completely reverse according to the given figures. In addition, output voltage polarity changes with the change of duty cycle of the switch which satisfies the theoretical background. Drain to source voltage VDS1 of switch S1, drain to source voltage VDS2 of switch S2, output voltage V0, output current I0 and certain magnified versions of the are represented in Figure 11c,d respectively. It can be said that like the theoretical background suggests, these two switches are operating in a complementary manner with 50 kHz switching frequency and maximum off state voltage across the switches are three times of input voltage. Figure 12a,b illustrate the experimental results of gate to source voltage VGS1 of switch S1, drain to source voltage VDS1 of switch S1, output voltage V0, output current I0 and their zoomed version respectively during R-L load condition.
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Figure 12. (a) Experimental waveforms of gate to source voltage, drain to source voltage, output voltage, output current for R-L load; (b) zoomed in waveform of figure (a); (c) experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R load; (d) experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R-L load. 






Figure 12. (a) Experimental waveforms of gate to source voltage, drain to source voltage, output voltage, output current for R-L load; (b) zoomed in waveform of figure (a); (c) experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R load; (d) experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R-L load.
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When R-L is considered as load, except for output current and voltage, the remaining results are almost same as R load. It is observed that the output current is lagging the output voltage and the magnitude of the output current decreases as the load increases. Waveforms of input voltage Vin, voltage across capacitor C1, output voltage V0 and output current I0 for R and R-L load are shown in Figure 12c,d respectively. These two figures illustrate that the peak capacitor voltage is twice the input voltage for both the R and R-L load. Moreover, both the positive and negative peak values of the output voltage are equal to input voltage. Furthermore, during experiment, the input voltage has been measured between DC+ terminal and ground for both the R and R-L load. Figure 12c,d show that for both the R and R-L load condition, the input voltage Vin is almost constant and contains no high frequency variation. As a consequence, the generation of common mode voltage is minimized which in turns results in reduction of common mode leakage current.
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Figure 13. (a) Experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R load; (b) experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R-L load; (c) THD and Harmonic spectrum of output voltage and current for R load; (d) THD and Harmonic spectrum of output voltage and current for R-L load. 






Figure 13. (a) Experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R load; (b) experimental waveforms of input DC voltage, capacitor C1 voltage, output voltage, output current for R-L load; (c) THD and Harmonic spectrum of output voltage and current for R load; (d) THD and Harmonic spectrum of output voltage and current for R-L load.
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The voltage across capacitor C1, current through inductor L1, output voltage and output current of the inverter for both R and R-L loads are shown in Figure 13a,b respectively. Both the figures indicate the voltage developed across the capacitor C1 followed by the inductor current IL1 and inductor current is approximately twice the output current for both the load conditions.



THD and harmonic spectrum of the output voltage and current for R, and R-L load are displayed in Figure 13c,d respectively. It can be seen from these figures that, for R load the inverter produce RMS output voltage of 35.94 V with THD of 4.506% and RMS output current of 1.30 A with THD of 4.50%. While for R-L load the inverter produces RMS output voltage of 35.76 V with THD of 1.16% and RMS output current of 0.315 A with THD of 1.68%. In case of R load the inverter supplies real power of 46.76 W at unity power factor. On the other hand, the inverter supplies real power of 3.68 W and reactive power of 10.62 var for R-L load. In addition, for both the R and R-L load condition, THD’s are within the limit (less than 5%), no occurrence of DC current component and percentage of higher order harmonic components are very negligible at the output because coupled inductors have the ability to reduce the input current ripple and output voltage ripple which satisfies the limits mentioned in [33,36].





3. Experimental Validation of Single Phase Semi-Z-Source Inverter for PV System with MPPT


For the purposes of experimental validation of the complete single phase semi-Z-source inverter with MPPT system, a practical experimental MPPT setup connected with a semi-Z-source inverter has been applied to the PV module according to Figure 1. To consider the practical behavior of the PV module, a solar Array Simulator from Agilent Technologies (E4360A) has been used in the laboratory. The complete experimental setup of the prototype has been tested for two different DC output MPPT voltage levels with two different types of load of R and R-L. For the complete experimental setup, a 20 Ω resistor and 285 mH inductor have been used as load.



Figure 14a represents the waveforms of the I-V curve and P-V curve during experimental condition. It is depicted from this figure that, PV is working at MPP with tracking efficiency of 99.94%. The MPP tracking efficiency has been calculated by taking the ratio between averaged output power obtained under steady state and maximum available power of the PV array [11]. As the solar Array Simulator from Agilent Technologies (E4360A) has been used here, the maximum available power, Pmax is the maximum power point of the PV module. When the simulator is connected to the load, the power supplied or the power of the PV module, Ppv has been measured and compare to the maximum power available from the PV module. Thus, the MPP efficiency is calculated by the simulator by using the Equation (29):
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(29)







Figure 14b,c depict simulation results of PV module power and duty cycle of the proposed fast-converging algorithm and conventional incremental conductance algorithm respectively for experimental condition. It is seen that the proposed algorithm response is faster and contains much less steady state oscillation than the conventional incremental conductance algorithm under fast varying solar intensity conditions. At t = 0.65 s, the solar irradiation is increased from 0.4 kW/m2 to 1.0 kW/m2 and at t = 2.48 s, the solar irradiation is decreased back to 0.4 kW/m2. The response of the conventional algorithm is slow due to the constant step change in the duty cycle.
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Figure 14. (a) Waveform of PV module power and duty cycle of proposed algorithm; (b) waveform of PV module power and duty cycle of conventional incremental conductance algorithm; (c) I–V curve and P–V curve; (d) experimental waveforms of MPPT output/inverter input DC voltage, output voltage, output current for R load; (e) experimental waveforms of MPPT output/inverter input DC voltage, output voltage, output current for R-L load. 






Figure 14. (a) Waveform of PV module power and duty cycle of proposed algorithm; (b) waveform of PV module power and duty cycle of conventional incremental conductance algorithm; (c) I–V curve and P–V curve; (d) experimental waveforms of MPPT output/inverter input DC voltage, output voltage, output current for R load; (e) experimental waveforms of MPPT output/inverter input DC voltage, output voltage, output current for R-L load.
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A comparison of the proposed algorithm with the conventional incremental conductance and modified incremental conductance is shown in Table 1. It can be concluded that there is no steady state oscillation in the proposed algorithm as compared to the conventional incremental conductance algorithm. Other than that, the response time of the proposed algorithm is also faster than the conventional incremental conductance algorithm during fast varying solar irradiation. Finally, the efficiency of the proposed algorithm (99.94%) is the highest compared with the efficiency of the conventional and modified incremental conductance algorithm shown in [20].
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Table 1. Comparison of the proposed algorithm with the conventional incremental conductance and modified incremental conductance algorithm.







Table 1. Comparison of the proposed algorithm with the conventional incremental conductance and modified incremental conductance algorithm.







	
Parameters

	
Conventional Incremental Conductance algorithm [20]

	
Modified incremental conductance algorithm [20]

	
Proposed fast convergence algorithm






	
Steady state oscillation

	
Yes

	
No

	
No




	
Response under fast varying solar irradiation

	
Slow

	
Fast

	
Fast




	
MPP efficiency (%)

	
98.49

	
99.89

	
99.94









Figure 14d shows the experimental results of R load where the output voltage of DC/DC converter of MPPT acts as the input DC voltage of around 45 V of the inverter. This figure represents that the inverter produces a sinusoidal output voltage with 90 V peak-peak and sinusoidal current of around 4.5 A as 20 Ω resistance has been applied as load. In addition, there is no phase difference between the output voltage and the current of the inverter. Moreover, during the experiment the input voltage of the inverter has been measured between the DC+ terminal and ground. Figure 14d displays that the input voltage Vin is almost constant and contains no high frequency variation. As a consequence, the generation of common mode voltage is minimized which in turns reduces the common mode leakage current. The experimental waveforms of R-L load when the output voltage of DC/DC converter of MPPT has been fixed to the DC voltage of around 100 V which acts as the input voltage of inverter is shown in Figure 14e. It is observed from this figure that, the inverter produces sinusoidal output voltage with 200 V peak-peak and sinusoidal current of around 3.2 A as 20 Ω resistance and 285 mH inductance have been applied as load. In addition, there is phase difference between output voltage and current of the inverter. Figure 14d displays that, the input voltage Vin is almost constant and contains no high frequency variation. As a consequence, the generation of common mode voltage is minimized for R-L load conditions, which in turns reduces of common mode leakage current, so it can be said that the proposed MPPT based semi-Z-source inverter is acceptable for PV systems for tracking the maximum power of the PV array and to generate adjustable sinusoidal output voltage with the minimization of common mode leakage current by doubly grounded features.




4. Conclusions


This paper presents a doubly grounded semi-Z-source inverter with a MPPT controller for PV systems. This low cost, downsized micro-modular system is applicable for connecting utility grids with standalone PV power conditioners and interfacing PV systems because this system is able to track the MPP of PV arrays and produce an AC voltage at their output by utilizing only three switches. The experimental results demonstrate that by utilizing fast-converging algorithm this inverter system is capable to track the maximum power from the PV array which is fast in response. Also, this system is able to minimize common mode leakage currents for PV arrays by its doubly grounded features. Other than that, it can convert the DC power of a PV array to AC power with reduced THD and DC current at the output by utilizing the coupled inductor technique. Moreover, the tracking efficiency of the MPP is 99.94%, which is higher than that of conventional and modified incremental conductance algorithms.
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