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Abstract

:

A power conversion interface for a small-capacity photovoltaic power generation system (PPGS) is proposed in this paper. The proposed power conversion interface is composed of a DC–DC converter (DDC), a battery pack and a buck–boost inverter (BBI). The battery pack is integrated to the power conversion interface to store or release energy for smoothing the power fluctuation of the small-capacity PPGS. The battery pack is only activated when a large power change occurs in the photovoltaic array (PV array). The DC power, no matter whether is from the PV array or the battery pack, needs to be converted into AC power only by the BBI in the proposed power conversion interface. Moreover, the PV array charges the battery pack only through the DDC, which simplifies the power circuit and improves the power conversion efficiency. To verify the feasibility of the proposed power conversion interface, a hardware prototype is established for practical experiments.
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1. Introduction


Climate change sounds the alarm for global carbon reduction. Many countries have successively put forward the declaration of “2050 net zero emissions”. Renewable energy power generation technologies, which are effective ways to reduce gas emissions in power generation, draw more and more attention. Both commercial and residential renewable power generation help to increase the penetration of renewable energy. Among those mature renewable energy power generation technologies, photovoltaic energy is appropriate for residential applications with restricted space. The photovoltaic power conversion interface for small-capacity systems is just as crucial as the one for larger-capacity systems.



The output of the photovoltaic array (PV array) is DC power, while the dominant power grids are AC power systems. Hence, an inverter is required to interface the PV array and the power grid [1,2,3,4,5,6]. Limited by space, small-capacity photovoltaic power generation system (PPGS) uses fewer PV modules with low output voltage. The conventional full-bridge inverter (FBI) is a step-down conversion architecture, and the DC bus voltage must be higher than the amplitude of the power grid voltage. Therefore, a boost power converter is added in the conventional small-capacity PPGS with an FBI to boost the output voltage of the PV array to be higher than the amplitude of the power grid voltage [1,2,3]. It indicates that two power stages (PSs) are required for power conversion in a conventional small-capacity PPGS with an FBI. One is a boost converter for tracking the maximum power point and boosting output voltage of PV array and the other is an inverter used for DC to AC power conversion. On the one hand, it has the advantage that each PS is independent to achieve the optimal control design. On the other hand, its reliability is reduced and both the cost and the volume are increased. In addition, the power of PV array is processed through two PSs, resulting in low power efficiency. For reducing the number of PSs of the small-capacity PPGS, several inverters with step-up and step-down functions have been proposed. In order to perform step-up/down power conversion architecture, the filter inductor is moved to the DC side of the FBI in a Z-source inverter [5,6,7,8,9]. The input DC voltage can be lower than the amplitude of the power grid voltage, thereby eliminating the need for a boost power converter. However, the control is more complicated. In [10,11], an inverter, integrated by two boost power converters, is proposed. Each boost power converter generates a voltage that consists of a sinusoidal voltage and a DC offset. The difference between the output voltages of the two boost power converters is the output voltage of the inverter, resulting in a sinusoidal voltage. Nevertheless, the output voltages of both boost power converters contain a DC offset, which results in high switching power losses. A new family of single-stage buck–boost inverters with an unfolding circuit is proposed in [12,13]. A bidirectional buck–boost converter is integrated to the DC bus of the FBI. The bidirectional buck–boost converter generates an absolute grid current, and the unfolding FBI is used for commutation to supply AC current. However, all power from the DC source to the grid is converted through the inductor, which reduces the power efficiency. In [14], a three-phase tri-state buck–boost integrated inverter for solar applications is developed. A power electronic switch and an inductor convert the dc voltage to a current, and a current-source FBI is used to generate three-phase currents injected into the power grid. However, all power generated by the PV array must first be converted to the power stored in the inductor and then to the power grid, reducing power efficiency. In addition, the three-phase tri-state buck–boost integrated inverter cannot supply reactive power. A state-of-the-art survey for the buck–boost inverters (BBIs) is provided in [15]. The above topologies are used for applications with a single DC source. A dual-input BBI is proposed in [16] to process the output powers of two DC sources. However, the dual-input BBI cannot provide reactive power.



Solar power penetration increases with the decreasing cost of photovoltaic modules. Significant changes in the output power of PPGSs cause fluctuations in grid voltage and deviations in grid frequency as a result of changes in the solar illumination radiation. In order to smooth the power generated from the PPGS, how to suppress the fluctuation of the output power that is fed into the power grid has received much attention [6,17,18,19,20,21]. There are two methods to suppress the fluctuation in the power generated from the PPGS. One is to adjust the maximum power point tracking (MPPT) [17]. The output power of a PPGS can only be controlled by this approach in terms of the rate of growth; it cannot regulate the rate of decrease. The other is to use an energy buffer to smooth the power generated by the PPGS. A battery pack is well suited to serve as an energy buffer due to its benefits of high energy density and high charging/discharging rate [17,18,19,20,21]. A battery pack supplies the power difference between the average power and the instantaneous power output from the PV array. The average power output from the PV array can be obtained either by the low-pass filters [17,18,19,20], or by the moving average filters [18,19,22]. However, the required capacity of the battery pack is different due to the different delay of the filters. The power structure of the conventional PPGS with a battery energy storage system is shown in Figure 1 [22,23]. The PV array and the battery pack are, respectively, connected to the DC bus of the inverter through two DC–DC converters (DDCs). The power processing flow in between the PV array, the battery pack and the power grid is always handled by two PSs. Because multiple power converters are used in the PPGSs with the battery pack, the conversion efficiency is reduced and the power circuit is complicated. In [24], the battery pack is directly connected to the DC bus of the inverter. One DDC is saved, but utilization of battery pack is limited.



The power conversion interfaces of PPGS are still an important research issue in terms of simplifying power circuits and smoothing output power and power efficiency. This paper proposes a power conversion interface for a small-capacity PPGS. It is composed of a BBI, a DDC and a battery pack. The BBI integrates a boost stage and a buck-commutation stage. Although the topology of a BBI is similar to that of a conventional small-capacity PPGS, the modulation and control strategy is modified and either the boost stage or the buck-commutation stage is switching at a time. Hence, the proposed BBI combines the operation of two PSs in the conventional small-capacity PPGS, such that only one PS is used to convert the DC power from the PV array or the battery pack to the AC power injected into the power grid. Therefore, the conversion efficiency of the PPGS is improved. In addition, the battery pack is integrated to smooth the output power of the PPGS. The output power of the PPGS changes within a slope limitation when the power difference between the PV array and the PPGS exceeds the setting range. It requires no filter with a low cut-off frequency to obtain average power, which reduces the compensation capacity of the battery pack. The battery energy storage system can be integrated into the PPGS by only adding an additional DDC. In addition, the charging power of the battery pack is converted from the PV array by only one PS. Compared with the conventional PPGS, combined with a battery energy storage system shown in [22,23], the proposed topology is simplified and the conversion efficiency is improved.



This paper is organized as follows. In Section 2, the circuit configuration and operation principle of the power conversion interface are presented. In Section 3 and Section 4, the operations and control blocks of the BBI and DDC are addressed. In Section 5, the prototype is built and experimental results are provided to verify the performance of the proposed power conversion interface. Finally, Section 6 provides some conclusions.




2. Circuit Configuration and Operation Principle


The power circuit of the proposed power conversion interface for a small-capacity PPGS is shown in Figure 2. The proposed power conversion interface is composed of a DDC, a battery pack and a BBI. The battery pack is integrated to the power conversion interface to store or release energy to smooth the output power of the PPGS. From Figure 2, it can be seen that the input DC source of the BBI can be selected from the PV array or the battery pack. Considering the power flow, the operation of the proposed power conversion interface can be divided into three modes, as shown in Figure 3.



	
Mode I:






In this mode, the change rate for the output power of the PV array is within the setting range, and the state of charge (SOC) of the battery pack is at the setting value. The power flow is shown in Figure 3a. The input DC source of the BBI is the PV array, and the battery pack is disabled. The MPPT of the PV array is performed by the BBI.



	
Mode II:






There are two situations in this mode. One is that the change rate for the output power of the PV array is above the upper limit of the setting range. The other is that the change rate for the output power of the PV array is within the setting range, but the SOC of the battery pack is below the setting value. The power flow is shown in Figure 3b. The input source of the BBI is the PV array. The BBI adjusts the change rate for the output power of the PPGS within the setting range. The battery pack is charged by the PV array through the DDC to share the power difference between the PV array and the PPGS. The MPPT of PV array is performed by the DDC.



	
Mode III:






This mode includes two situations. One is that the change rate for the output power of PV array is below the lower limit of setting range. The other is that the change rate for the output power of the PV array is within the setting range but the SOC of the battery pack is above the setting value. The power flow is shown in Figure 3c. The input source of the BBI is the battery pack. The BBI adjusts the change rate for the output power of PPGS within the setting range. The battery pack is discharged to supply the power difference between the PV array and the PPGS. The DDC performs the MPPT of PV array.




3. Operation and Control of Buck–Boost Inverter


As shown in Figure 1, the BBI is composed of a boost stage and a buck-commutation stage and a buck/boost selection switch S2. The boost stage includes the power electronic switch S1, the inductor L1, the diode D1 and the capacitor C2, and the buck-commutation stage is configured by the power electronic switches (S3, S4, S5, S6), the inductor LS and the capacitor CS.



Figure 4 shows the time diagram for the operation principle of the BBI. The operation mode is determined by comparing the absolute power grid voltage |VS| and the input DC voltage VDC. The input DC voltage is the voltage of the PV array or the voltage of the battery pack. The BBI operates in the buck mode when VDC is greater than |VS|. At this mode, the boost/buck selection switch S2 is turned on, and the boost stage is disabled. S3 and S4 of the buck-commutation stage are switched in high-frequency pulse-width modulation (PWM) to perform the buck operation, and S5 and S6 are switched at low frequency according to the polarity of the power grid voltage to achieve the commutation function. On the contrary, when VDC is less than |VS|, the BBI operates in boost mode. At this mode, the boost/buck selection switch S2 is turned off. S1 of the boost stage is switched in high-frequency PWM to perform the boost operation and S3-S6 of the buck-commutation stage perform the commutation function according to the polarity of the power grid voltage. When the operation is switched from the boost mode to the buck mode, the boost/buck selection switch S2 is not immediately turned on because the current of inductor L1 of the boost stage is not zero. Otherwise, the residual current of inductor L1 will circulate between D1 and the boost/buck selection switch S2, resulting in an additional loss. The boost/buck selection switch S2 is turned on when the current of inductor L1 drops to zero. The operation of different time intervals in the positive-half cycle for the BBI is described as follows:




	
[t0-t1] and [t3-t4]:








In these time intervals, VDC is greater than |VS|. The BBI is operated in the buck mode. The buck-commutation stage is operated, and the boost stage is disabled. Assuming that the current of the inductor LS is continuous conducting, the relationship between VDC and the power grid voltage is


     V S     V  D C     =  D  S 3    



(1)




where DS3 is the duty cycle of S3. The current of inductor LS can be controlled to increase/decrease to track the reference current by switching S3 and S4.



	
[t1-t2]:






In this time interval, VDC is less than |VS|. The BBI is operated in the boost mode. The boost stage is activated, and the buck-commutation stage performs the commutation function. The output current of the boost stage is the current of D1 (iD1), which is a discontinuous current. Therefore, a third-order low-pass filter is formed by using the capacitor C2, the inductor LS and the capacitor CS to filter out the high-frequency components of iD1. The capacitor C2 and the inductor LS form a second-order low-pass filter for the power grid voltage. Because the cut-off frequency of second-order low-pass filter is much higher than the frequency of the power grid voltage, the voltage across the capacitor C2 is approximate to |VS|. If the current of inductor L1 is continuous conducting, the relationship between the input DC voltage and the power grid voltage is


     V S     V  D C     ≅  1  1 −  D  S 1      



(2)




where DS1 is the duty cycle of S1. By controlling the switching of S1, the current of inductor L1 can be controlled to increase/decrease. Thereby, it regulates the output current to track the reference current.



	
[t2-t3]:






In this time interval, VDC is greater than |VS|. During this interval, the boost stage would have to stop operating and switch to the buck-commutation stage. However, if the power electronic switch S2 is turned on, the voltage of the inductor L1 is almost zero, which makes the current of inductor L1 almost unchanged. This current will form a circulating current in the circuit and cause additional power loss. Therefore, there must be a transition period when the operation is switched from the boost mode to the buck mode. In this time interval, the boost stage is disabled, and the buck-commutation stage is operated but the power electronic switch S2 must be turned off. Because the boost stage is disabled, the current of the inductor L1 is still decreased. The current of inductor LS can be controlled to increase/decrease to track the reference current by switching S3 and S4.



The operation of BBI in the negative half cycle is similar to that in the positive half cycle, and will not be repeated. The power electronic switches of BBI are controlled according to the comparison between VDC and |VS|, and the operation of power electronic switches is summarized in Table 1.



The circuit structure of the BBI is similar to that of the conventional small-capacity PPGS consisting of a boost power converter and an FBI; however, the operation and the control for both circuit structures are different. Both the boost power converter and the FBI are operated simultaneously in the conventional small-capacity PPGS. In the proposed approach, the boost stage or the buck-commutation stage is switching at a time. Hence, the input DC power is processed by one PS in the BBI but two PSs in the conventional small-capacity PPGS. In addition, the BBI can avoid a large-capacity electrolytic capacitor, working as an energy buffer between the boost power converter and the FBI, in the conventional small-capacity PPGS. Therefore, the power efficiency will be improved by using the BBI to replace both the boost power converter and the FBI used in the conventional small-capacity PPGS.



Figure 5 shows the control block of the BBI. In order to generate a sinusoidal current synchronized with the power grid voltage, the BBI adopts a current-mode control and feedforward control to adjust the current of the inductor L1 and the current of the inductor LS. The controller is implemented by a digital signal processor (DSP) TMS320F28335, and the program is written in C programming language. The power grid voltage is detected and then sent to a phase lock loop (PLL). A sine-wave table is used to generate two orthogonal sinusoidal signals that are in phase and shifted by 90 degrees with the power grid voltage. The real power control signal and the reactive power control signal are multiplied by two sinusoidal signals, respectively, to generate reference currents of the real power and the reactive power. Then, they are added to obtain a reference current    i s *    of the output current. Since the control object of the boost stage is the current iL1, and the output current of the boost stage approaches the current of diode D1. Hence, the reference current    i  L 1  *    of iL1 can be represented as


   i  L 1  *  =    i s *    1 −  D  S 1      



(3)




where DS1 is the duty of S1. Therefore, the reference current    i  L 1  *    of iL1 must be calculated by the reference current    i s *   . The current iL1 is detected and subtracted from the reference current    i  L 1  *   , and the error is sent to the current controller (controller I) to generate the current control signal of boost mode. The current of inductor Ls is detected and subtracted from the reference current    i s *   , and the error is sent to the current controller (controller II) to obtain the current control signal of buck mode. The feedforward signals of boost mode and buck mode are


   V  f , b o   =      V S    −  V  D C        V S       V  t r i    



(4)






   V  f , b u   =      V S       V  D C      V  t r i    



(5)




where Vtri is the peak value of the carrier signal of PWM. The feedforward signals of boost mode and buck mode are, respectively, added to the current control signals of boost mode and buck mode to generate a boost modulation signal and a buck modulation signal. The boost modulation signal mbo and the buck modulation signal mbu are sent to the logic and PWM circuit to generate the switching signals for S1-S6. The feedforward signals of boost mode and buck mode will generate a major part of the modulation signals. Current mode controls in the boost mode and the buck mode are only used to fine-tune the modulation signals, so the current controller I and the current controller II use proportional control. The gains of the current controller I and the current controller II are used to fine-tune the total harmonic distortion (THD) of output current.



The real power control signal is determined by either the MPPT control or the smoothing control of the PV array, and its control block is shown in Figure 6. When the change rate of the output power of the PV array is within the setting range (P1, -P1) and the SOC of the battery pack is equal to the setting value, the real power control signal is determined by the MPPT control of the PV array. Otherwise, the real power control signal is obtained from the smoothing control. The MPPT controller uses the perturbation and observation (P & O) method to calculate a reference voltage [25]. The reference voltage is subtracted from the voltage of the PV array, and the result is sent to the PI controller to generate an MPPT signal Imp. When the smoothing control is activated, the smoothing controller generates a smoothing signal Ism with a constant rising slope or a constant falling slope. The real power control signal is generated by Imp or Ism through a selection switch, and the control of the selection switch is generated by comparing the difference power between the PV array and the PPGS with the setting range (P1, -P1).



Figure 7 shows the block of logic and the PWM circuit. The purpose of S5 and S6 is used for the commutation operation, so the power grid voltage is compared with zero voltage to generate the control signals for S5 and S6. The operation mode is determined by comparing |VS| with VDC. VDC is the voltage of the PV array or the battery pack, which is determined by the operation mode shown in Figure 3. When |VS| is greater than VDC, the boost operation signal fbo is high. When |VS| is less than VDC, the buck operation signal fbu is high. The buck modulation signal mbu and the boost modulation signal mbo are, respectively, compared with the carrier signal to generate the buck PWM signal and the boost PWM signal. S3 and S4 are switched in PWM under the buck mode and participate in the commutation operation under the boost mode. S1 is switched in PWM under the boost mode. In order to prevent the residual current of the inductor L1 when the operation is switched from the boost mode to the buck mode, the result of comparing IL1 with zero and fbu are sent to a AND gate to control S2.



Figure 8 and Figure 9 are the results simulated by the PSIM program. Figure 8 shows the voltage waveforms of S1 and S3 in a power grid cycle. The power grid is a single-phase voltage source of 110 V, 60 Hz. The input is a DC voltage source of 90 V. The DC bus voltage of an FBI in a conventional PPGS is set between 180 V and 200 V. As can be seen in Figure 8b,c, S1 is only switching in boost mode. The switching voltage is about |VS| which is less than the DC bus voltage of the FBI in the conventional PPGS. Because the switching loss is proportional to the switching voltage, the switching loss is reduced. In addition, S1 is still turned off in buck mode. Therefore, the switching loss of the boost stage is significantly reduced compared with that of a boost converter in the conventional PPGS. From Figure 8d,e, in buck mode, when S3 switches at high frequency, the voltage stress of S3 is around the input DC voltage which is less than the DC bus voltage of the FBI in the conventional PPGS. In the boost mode, S3 switches at low frequency. Therefore, the switching loss of the buck-commutation stage is lower than that of the FBI in the conventional PPGS. Figure 9 shows the voltages across the LS and L1 in a power grid cycle. The current ripple is proportional to the voltage swing across the inductor. From Figure 9, it can be seen that the voltage swings across L1 and LS are less than that in the conventional PPGS. Therefore, the inductances of L1 and LS can be reduced.




4. Operation and Control of DC–DC Converter


As shown in Figure 2, the DDC is a boost converter. In Figure 3, it can be found that the DDC will be operated to perform the MPPT function and to charge the battery pack when the output power of the PV array changes significantly. Figure 10 shows the control block of the DDC. The DDC adopts the voltage control. The control object is the output voltage of the PV array to track the maximum power point of the PV array. The MPPT controller calculates a reference voltage signal and subtracts it from the output voltage of the PV array. The result is sent to the PI controller to generate a modulation signal, and then sent to the PWM circuit to control S7. S7 switches when the power conversion interface is operated in modes II and III, as shown in Figure 3. The control of S8 is actuated when the power conversion interface is operated in mode III, as shown in Figure 3.




5. Experimental Results


A hardware prototype has been developed to verify the performance of the proposed power conversion interface. The battery pack is composed of ten 12 V lead-acid batteries connected in series. The capacity of the lead-acid batteries is 14 Ah. The solar simulator is used to simulate a PV array with three solar modules, and the open-circuit voltage and short-current current of each solar module are 38.08 V and 8.65 A, respectively. The output of the power conversion interface is connected to a single-phase power grid of 60 HZ and 110 V. Table 2 shows the circuit parameters of the hardware prototype. Figure 11 shows the picture of the prototype. The prototype is composed of a power supply board, a DSP board, a driver board, a voltage detection board, a current detection board and power boards of DDC and BBI.



In order to facilitate the experimental verification of the BBI, the PV array is replaced by a DC power supply. Figure 12 shows the experimental results of the BBI at a steady state. The output current is a sine wave and in phase with the power grid voltage. The THD of the output current is 3.2%. When the BBI operates in the boost mode, the current of inductor L1 is 1/(1-DS1) times the output current. The boost stage does not operate and the current of inductor L1 will drop to zero in the buck mode. It verifies that the BBI can reduce the current of inductor L1 to zero to avoid circulating the current when the operation is switched from the boost mode to the buck mode. The BBI can simultaneously adjust the amplitude and phase of the output current during power conversion. Figure 13 and Figure 14 show the experimental results of the BBI for providing reactive power. As can be seen, the output current can be leading or lagging to the power grid voltage. The THD of the output current is slightly increased to about 5% when the BBI provides reactive power. The experimental results prove that the BBI has the ability to simultaneously adjust the reactive power while converting the real power of input DC source.



Figure 15 shows the experimental results of the BBI under the transient of the input DC voltage variation. Figure 15a shows that the input DC voltage rises from 90 V to 120 V. Since the output power remains unchanged, the output current of Figure 15b is still sinusoidal and remains unchanged. As shown in Figure 15c, when the input voltage rises, the BBI operates in the buck mode for a longer time, so the current of inductor L1 becomes smaller. The experimental results demonstrate that the BBI has a good transient response under the change of input DC voltage.



Figure 16 shows the power efficiency of the conventional small-capacity PPGS. The power efficiency is calculated by using two Tektronix PA 100 power analyzers to measure the input power and output power of the BBI. The conventional small-capacity PPGS is modified by the prototype of BBI. The power electronic switch S2 is still off and the capacitor C2 is replaced by a large-capacity electrolytic capacitor. The DDC is still operated to supply a DC bus voltage to the FBI. The FBI is operated to generate a sinusoidal current injected to the power grid. Figure 17 shows the power efficiency of the BBI. The topology of the BBI is similar to that of the conventional small-capacity PPGS, however, the boost stage or the buck-commutation stage is switching at a time. Hence, the DC power from the PV array or the battery pack is converted to AC power through only one PS, and the buck-commutation stage operates at a lower DC-link voltage. It can be seen from Figure 16 and Figure 17 that the power efficiency of the BBI is better than that of the conventional small-capacity PPGS. In addition, the BBI can effectively reduce the capacitance of capacitor C2, reducing the circuit volume and circuit cost.



The DC power supply was replaced by the solar simulator to verify the MPPT function of the BBI. In order to verify the MPPT function, firstly it is necessary to scan the power of the solar simulator. The output voltage of the solar simulator is changed from low to high, and the output power scan for the solar simulator is shown in Figure 18a. As can be seen, the maximum power is 552 W. Figure 18b shows the experimental result for the maximum power tracking of the BBI. As can be seen, the output power of the solar simulator slowly rises at the beginning. When the output power of the solar simulator reaches the maximum power point, it fluctuates near the maximum power point. The maximum power of Figure 18b is 550 W, which approaches to the maximum power in Figure 18a. The experimental results prove that the BBI has the ability to track the maximum power point of the solar simulator.



Figure 19 shows the experimental results when the smoothing mechanism is activated. The output power of the solar simulator is 500 W at the beginning of the measurement. After time t1, the illumination changes drastically to simulate the cloud movement, and the output power of the solar simulator also changes accordingly. From Figure 19b, the output power of the PPGS changes at a constant slope when the power difference between the solar simulator and the PPGS exceeds the setting range. At the same time, the battery pack must start charging/discharging to provide the power difference between the solar simulator and the PPGS. The power of battery pack is shown in Figure 19c. The battery pack is only used to smooth the output power of PPGS. Hence, the output power of PPGS fluctuates when the output power of the PV array is changed significantly. The slope of the output power of the PPGS when the output power of the PV array is changed significantly can be modified according to the standards of different countries. The slope affects the design of the capacity of the battery pack. The experimental results verify that the proposed power conversion interface can effectively attenuate the power fluctuation of the PV array. Therefore, the PPGS provides more stable power to the power grid.




6. Conclusions


The instability of the power generation of the PPGS will affect the power quality of the power grid. A power conversion interface, integrating a DC–DC boost power converter, a battery pack and a BBI, is proposed for a small-capacity PPGS. When compared with the conventional small-capacity PPGS, the proposed small-capacity PPGS has the following advantages:




	
The output power of the PV array or the battery pack is processed by only one PS, and the power efficiency is improved.



	
Only one extra DDC is added to integrate the battery energy storage system into the PPGS. The battery pack is charged from the PV array by only one PS.



	
A large-capacity electrolytic capacitor for energy buffer can be removed.



	
The fluctuation of output power is suppressed due to the integration of the battery pack, and no filter with a low cut-off frequency is used to reduce the compensation capacity of the battery pack.








This paper completes a hardware prototype for performance verification. The experimental results show that the BBI can perform the functions of supplying a sinusoidal current, providing a reactive power and tracking the maximum power of PV array. In addition, the proposed small-capacity PPGS can effectively suppress the power fluctuation of PV array. Thus, the output power of the small-capacity PPGS has been smoothed.
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Figure 1. Power structure of the conventional PPGS with battery energy storage system. 
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Figure 2. Power circuit of the proposed power conversion interface. 
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Figure 3. Operation of the proposed power conversion interface, (a) mode I, (b) mode II, (c) mode III. 
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Figure 4. Time diagram for the operation principle of the BBI. 
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Figure 5. Control block of the BBI. 
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Figure 6. Control block for real power control signal. 
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Figure 7. Block of logic and PWM circuit. 
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Figure 8. Voltage waveforms of S1 and S3 in a power grid cycle, (a) power grid voltage, (b) control signal of S1, (c) voltage across S1, (d) control signal of S3, (e) voltage across S3. 
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Figure 9. Voltages across LS and L1 in a power grid cycle, (a) power grid voltage, (b) voltage across LS, (c) voltage across L1. 
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Figure 10. Control block diagram of the DDC. 
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Figure 11. Picture of the prototype, (a) power supply, (b) DSP board, (c) driver board, (d) voltage detection board, (e) current detection board, (f) DDC, (g) BBI. 
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Figure 12. Experimental results of BBI under the steady state, (a) power grid voltage, (b) output current, (c) current of inductor L1. 
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Figure 13. Experimental results of BBI for supplying leading current, (a) power grid voltage, (b) output current. 
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Figure 14. Experimental results of BBI for supplying lagging current, (a) power grid voltage, (b) output current. 
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Figure 15. Experimental results of the BBI under the transient of input DC voltage variation, (a) input DC voltage, (b) output current, (c) current of inductor L1. 
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Figure 16. Power efficiency of the conventional small-capacity PPGS. 
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Figure 17. Power efficiency of the BBI. 
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Figure 18. Output power of solar simulator, (a) power scan, (b) maximum power tracking of the BBI. 
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Figure 19. Experimental results when the smoothing mechanism is activated, (a) output power of the solar simulator, (b) output power of the PPGS, (c) power of battery pack. 
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Table 1. Operation of the power electronic switches for BBI.






Table 1. Operation of the power electronic switches for BBI.














	
	S1
	S2
	S3
	S4
	S5
	S6





	[t0-t1]/[t3-t4]
	OFF
	ON
	PWM
	     PWM  ¯    
	OFF
	ON



	[t1-t2]
	PWM
	OFF
	ON
	OFF
	OFF
	ON



	[t2-t3]
	OFF
	OFF
	PWM
	     PWM  ¯    
	OFF
	ON



	[t4-t5]/[t7-t8]
	OFF
	ON
	PWM
	     PWM  ¯    
	ON
	OFF



	[t5-t6]
	PWM
	OFF
	OFF
	ON
	ON
	OFF



	[t6-t7]
	OFF
	OFF
	PWM
	     PWM  ¯    
	ON
	OFF
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Table 2. Circuit parameters of hardware prototype.
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DDC






	
inductor L2

	
0.5 mH

	
capacitor C3

	
2200 µF




	
BBI




	
inductor L1

	
0.8 mH

	
capacitor C1

	
2200 µF




	
inductor LS

	
0.6 mH

	
capacitor C2

	
2.2 µF




	
switching frequency

	
20 kHz

	
capacitor CS

	
4.7 µF
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