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Abstract

:

This paper proposes a modular inverter based on Cuk converters for solar photovoltaic (PV) systems to mitigate the voltage and current mismatch issue at the PV module level. The proposed modular Cuk inverter (MCI) is formed by connecting several low-voltage (LV) microinverters (MIs) in series and linking their output sides to the distribution network. This architecture does not require a central inverter, and hence, it eliminates the need for large dc-link intermediate capacitors. The proposed MCI provides more controllability over the PV system by having a decentralized structure. The MCI will improve the PV system efficiency by reducing the voltage and current stresses in the MIs and will enable better voltage regulation due to the provided controllability. Since the proposed MI topology is based on the Cuk converter, it offers continuous input and output currents that will reduce the required filtering capacitance and will provide a wide range of voltage regulation for either supplying the loads or charging the storage batteries. The paper presents the associated control scheme for the proposed MCI that employs two controlling loops. The input loop at the PV side is designed and tuned to eliminate the ripples from the input current, while the outer loop at the grid side will control the output ac current and hence the MCI power. Computer simulations are presented using MATLAB/SIMULINK software to examine the validity of the suggested inverter for distributed generation PV residential applications. A scaled-down experimental prototype controlled by TMS320F28335 DSP was built and used to validate the mathematical analyses and simulation results.
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1. Introduction


The energy crisis has led to an increased focus on renewable energy to meet the global electricity demand. Photovoltaic (PV) energy has become a major clean energy resource in the last few years due to the environmental and economic merits that it can provide [1]. PV systems are composed of PV cells, PV modules, PV panels, and PV arrays. According to the required power level, these components are usually connected in series to step up the output voltage and reduce the wiring cables’ size between PV elements [2]. Improving the PV systems’ efficiency and reducing their cost become important topics to promote them as a competitive energy source in the future [3]. Nevertheless, more effort is required to improve the efficiency of PV systems in order to compete with conventional energy sources [2,4].



Maximizing the PV system’s efficiency can be achieved through different methods. One strategy for increasing the PV system efficiency is to operate the PV system at the maximum power point and apply the distributed maximum point tracking system at the PV module level [4,5]. The effect of the mismatch concerns due to non-equal voltage, current, and hence power, on small PV systems, is easier to consider compared with medium-scale and large PV systems. The mismatch issue might occur due to several reasons including partial shading (PS), PV panel orientation, and dust. The mismatch issue between PV elements leads to different output power for each PV component. The mismatch between PV elements results in significant power loss or serious damage to the PV components [6]. Applying the distributed maximum power point tracking (MPPT) at the PV module level can result in effective utilization of the maximum output power from the PV system [7,8].



The solar PV cells are the building units of the PV module. The voltage of a single PV cell usually ranges from 0.5 to 1 volt according to the material used in the manufacturing process. The low voltage of the PV cell makes it less practical in most applications. Thus, the PV cells are connected in series to build up higher output voltages. The PV module is usually formed by connecting tens of PV cells in series. Nowadays, solar PV modules come in different sizes according to the number of cells in the PV module, which is usually between 60 and 72 PV cells [9]. The solar cells can be connected in a series of parallel combinations to form a photovoltaic cell array, and usually, this connection is integrated with bypass diodes to mitigate the partial shading effect [10].



The mismatch issue can lead to different power generations of PV elements, which means that each PV element operates at a unique maximum power point. The nature of the series connection of the PV elements means they share the same current; hence, when the mismatch exists, the whole PV system will be limited by the PV element with the lowest power generation [2]. The conventional strategy to overcome this issue is by connecting a bypass diode in parallel with each PV module, which might improve the PV system efficiency and solve hot spot concerns to some extent [2,9]. However, the power generated by the shaded PV module will be lost since the bypass diode will isolate it from the PV system [11].



Many strategies have been proposed to mitigate the mismatch issue and effectively utilize the maximum output power of the PV system [12]. Most of these methods find the optimal solution for the mismatch issue by operating each PV module at its individual maximum power point (MPP). One suggested solution for the mismatch problem is to link a DC–DC converter to the PV module and then operate at the MPP for each PV module individually [10]. This solution allows the extraction of the maximum power from each PV module, which significantly increases the power harvesting of the PV system. The PV system’s efficiency is improved, and the voltage stress is reduced by up to 33%, allowing small and cost-effective components [11]. However, the efficiency of the PV system is limited by the efficiency of the converters [2].



The microinverter (MI) is another promising method to maximize the PV system efficiency and reduce the effect of partial shading and mismatch problems. This approach provides an individual DC–AC inverter for each PV module. The performance of the faulty PV module might be limited due to the mismatch problem, while the power production of the unshaded PV module will not be affected. The PV module DC–AC inverter can maximize energy harvesting of the PV system and mitigate the partial shading concern [13]. The installation and increasing the size of the PV system become relatively easier because of using MIs at the module level [14].



Designing the MIs is becoming a topic of interest for power electronic researchers due to the offered advantages including PV system cost reduction and its ability to achieve grid parity [15,16]. Such a technology can improve the PV system efficiency, increase the PV system reliability, and develop the overall PV system performance. In addition, the mismatch issue can be significantly reduced especially for rooftop PV applications [15]. Traditional DC–AC inverters suffer from poor conversion efficiency because it requires several power-processing stages. Moreover, it usually relies on Buck-boost converters where the input current is discontinuous, which might reduce the input power of the PV system [13]. Low-voltage MIs are a promising solution because of their capability to improve PV system efficiency for residential applications and some medium-scale PV projects. Recent studies have shown that power production might increase by more than 15% compared with string inverter PV systems. Unlike the string PV systems, the robustness of the PV system can be significantly improved, and the probability of the PV system failure becomes lower [16,17,18]. A three-phase isolated differential inverter based on the SEPIC DC/DC converter has been presented in [19] with improved power quality and negative sequence harmonic component (NSHC) control. However, the work has not discussed the operation of the converter from the PV module perspective. The work in [20] discussed the operation of the differential Flyback three-phase inverter with parallel-connected inputs. Although the input current stresses are shared between the parallel PV modules and converters, the operation of the modular series-connected inverter has not been proposed. The work in [21] presented the series-connected modular inverter using cascaded H-bridge converters. Although the work presented the MPPT control system to extract the maximum energy from the PV module, the work has not discussed the effect of the discontinuous current from the H-bridge converters on the performance of the control system or the PV modules. The work also has not considered the second-order harmonic components in the case of single-phase operation.



This paper presents a new MI design to solve the mismatch problem caused by partial shading at the PV module level. The proposed modular Cuk inverter (MCI) is formed by connecting several MIs in series and linking their output sides to the distribution network. The MCI enables each PV module to harvest the maximum power since each one has an independent MPPT system. Usually, the PV module voltage can be relatively low, and accordingly, boosting up the voltage to meet the grid side voltage becomes a challenge; therefore, the proposed series-connected MI is beneficial. Selecting the Cuk inverter as the main MI will improve the performance of the system by keeping the input current constant with time. This means that small capacitors are required at the PV module sides, which will reduce the size and improve the reliability. One merit of the proposed MCI is that it does not require an extra decoupling circuit to decouple the DC power at the PV side from the grid side pulsating power. In this context, the paper presents the operation of the proposed MCI with the suitable control schemes to ensure the proper operation of the system when supplied from the PV module and also when integrated with the battery system that is necessary for energy storage in residential applications. The suggested MCI controller is constructed with two control loops to enhance the robustness of the design. The paper presents the mathematical analyses for the proposed system when it operates in different DC/AC and AC/DC modes during PV energy generation and charging and discharging the associated batteries. The performance of the proposed MCI is shown through experimental case studies using a 1 kW prototype controlled by a Texas Instruments TMS320F28335 digital signal processor (DSP).



The rest of the paper is constructed as follows: Section 2 presents the main configurations of residential PV systems; Section 3 explains the main modes of operations of the proposed MCI according to the required power flow; Section 4 explains the operation of the selected MI that forms the building block of the MCI in DC/DC, DC/AC, and AC/DC modes; Section 5 presents the models and controllers for the MIs; and Section 6 presents the operation of the proposed MCI and its control system. The final conclusions are summarized in Section 7.




2. Low-Voltage PV MI Configurations


The MIs can be connected at the output sides in either series or parallel configuration. The resultant two systems will be explained briefly in the following subsections.



2.1. Parallel-Connected PV MI


As shown in Figure 1a, each DC–AC MI can operate independently with respect to other MIs. Thus, the failure of one MI will not affect the others in the PV system. Usually, in residential PV systems, conventional MIs are required to boost the voltage from the PV side level at about 12~27 V DC to around 220~230 V-AC rms [15]. The high-voltage step-up ratio needed in this type to meet the output voltage of the grid side might adversely affect the PV system’s efficiency and increase the installation cost [12,15].



Using transformers with high turn ratios in parallel-connected ac module applications is common to meet the high voltage requirements at the grid side. However, this can increase the weight and the cost of the system. Therefore, transformer-less topologies and high-frequency transformers (HFTs) are suggested to mitigate this issue. Moreover, the non-isolated topologies of the PV applications with a high step-up ratio can increase the cost of the residential PV application due to increasing the size and the number of capacitors in the design. In terms of efficiency, the boost converters need to step the output voltage to a relatively high voltage, which can produce high-stress voltage to the switches and adversely affect the efficiency of the PV system [17].




2.2. Series-Connected PV MI


In a series-connected microinverter architecture, each low-voltage MI is connected to the adjacent one, and the series connection is tied to the grid. Figure 1b shows the connection of a series of MIs. In such a topology, the high step-up conversion ratio is not pressing because the series connection can meet the voltage requirements of the distribution network. In addition, the size of the magnetic elements and the stress voltage on the switches in the PV system can be significantly reduced. In contrast to the conventional low-voltage inverter, each MI is controlled independently, which increases the energy harvesting and improves the system’s efficiency [17].



Because of these advantages, this paper is focused on the series-connected low-voltage PV MI system. In the proposed MCI architecture, shown in Figure 2, each MI is connected to the adjacent one. Employing the Cuk converter topology as an inverter for each PV module will obtain the maximum possible power from the PV panel and improve the system’s efficiency. An independent MPPT algorithm is applied to each PV module, which can lead to solving the mismatch issue at the PV module level and increase the system harvesting. The configuration will benefit from the series connection to meet the voltage requirement at the grid side, and hence, providing a high step-up ratio is attainable.




2.3. System-Level Operation of the Series Connected System


As shown in Figure 2, the single-phase PV MCI system is connected to the grid through the grid impedance Zg = rg + jLg, where rg is the grid resistance and Lg is the grid inductance. The total voltage of the converter is the summation of the individual voltages of the series MIs. These total voltages vo can be expressed as


   v o  = V sin ( ω t + θ )  



(1)




where V is the magnitude of the output voltage, θ is the phase shift with the grid voltage, and ω is the grid’s angular frequency. Vg will be defined through the paper as the magnitude of the grid voltage. If the MIs supply active power P to the grid at a power factor cosφ, the values of V, θ, and the magnitude of the single-phase output current Ig can be expressed as


   I g  =   2 P    V g  cos ( φ )    



(2a)






  θ =   tan   − 1    [     r g   I g  sin ( φ ) + ω  L g   I g  cos ( φ )    V g  +  r g   I g  cos ( φ ) − ω  L g   I g  sin ( φ )    ]   



(2b)






  V =  [     V g  +  r g   I g  cos ( φ ) − ω  L g   I g  sin ( φ )   cos ( θ )    ]   



(2c)







In the normal operation, the MI number k in phase j generates the voltage of


   v  k j   =    v j   n   



(3)




where n is the number of MIs.





3. General Modes of Operation


It is necessary for the modern residential energy sources to include energy storage systems (ESSs) to ensure that the extra energy during off-peak periods can be stored and used during the peak periods. The MCI can include individual battery packs with each MI as shown in Figure 3.



The proposed MCI can operate in four modes of operation depending on the connection of the relays as shown in Figure 4a, where each MI is associated with three single-pole-double-throw (SPDT) relays Spv, Sb1, Sb2, and Sb3. These relays connect the MI to either the PV module, or the battery pack, or both. The output terminals of the MI are connected to the AC side via the output SPDT relay Sg. The four modes are detailed in the next subsections.



3.1. PV Modules to AC Grid


Figure 4a shows the operation when the power is delivered from the PV modules to the AC grid. All relays are opened except Spv and Sg. In this mode, the active power P is determined by the maximum available power from the PV modules using the MPPT controllers. The voltages and currents are calculated as presented in (1) and (2). This mode is suitable for supporting the grid during the daytime when the PV modules generate their highest possible power. In this mode, the MCI is operating as a DC/AC inverter.




3.2. Batteries Discharging into the AC Grid


If the PV modules power are not sufficient for grid support, the batteries can deliver the required energy by turning relays Sb1 and Sb2 on and turning relay Spv off. Figure 4b shows the circuit in this case. The active power P is determined by the optimal discharge current from the battery to maximize its effective capacity and lifetime. In this mode, the MCI is still operating as a DC/AC inverter.




3.3. Batteries Charging from the PV Modules


If the AC grid does not need active power support from the PV modules at daytime, the batteries can be charged from the PV modules by connecting relays Sb1 and Sb3 with Spv while disconnecting relay Sg as shown in Figure 4c. In this case, the power will be transferred from the PV modules to charge the batteries while the AC grid terminals are isolated. In this mode, the MCI is operating as a DC/DC converter.




3.4. Batteries Charging from the AC Grid


The batteries can be charged from the AC grid during the night with connecting relay Sg with Sb1 and Sb2 as shown in Figure 4d while all other relays are opened. In this mode, the MI is operating as an AC/DC rectifier, where the power is flowing from the grid side to the batteries through the MI.





4. The Operation of the Cuk MIs


To operate the MCI in the aforementioned modes, the selected MI must have specific features. First, it should be able to provide flexible voltage higher or lower than the input voltages from the PV modules, battery, or the grid. It should also provide isolation between the input and output side to meet the safety standards. This can be achieved if the selected MI enables the insertion of a high-frequency transformer (HFT). As the PV modules and the battery packs need to operate at constant voltages and current, the input current to the MI should be continuous and constant, while the output current and voltage are sinusoidal at the grid’s 50/60 Hz. In other words, the MCI should be able to store the second-order voltage or current harmonics inside in suitable storage elements as shown in Figure 5.



For these reasons, the Cuk inverter shown in Figure 6 is the best candidate for the proposed modular system as it can achieve all the mentioned requirements [18]. The MCI consists of five semiconductor switches S1 → S5, an isolating transformer with turns’ ratio Ns/Np, two inductors L1 and L2, two mandatory capacitors C1 and C2, and an optional capacitor Co. The next subsections will present the modes of operation of the individual MIs and the modulation schemes during different modes.



4.1. DC/DC Operation


The DC/DC operation will be required when the PV modules charge the associated battery packs. As shown in Figure 7, the MI operates in two states:




	■

	
During Stdc1 (0 ≤ t < ton), switches S1, S2, and S5 are turned on together. The input side current ii is increasing to charge the inductor L1. Meanwhile, the capacitors C1 and C2 are discharging in the output load leading L2 to charge. The duration of this period is ton = dΧts, where d is the duty cycle ratio and ts is the switching time of the MI. This state is shown in Figure 7a.




	■

	
During Stdc2 (ton ≤ t < ts), switch S1 is turned off, and hence, the current ii flows into the capacitors C1 and C2 leading them to charge. Switches S3 and S5 are turned on to provide a path for the current in L2 to flow, and hence, the inductors’ currents are decreasing. This state is shown in Figure 7b.










4.2. DC/AC Operation


The DC/AC operation with three states is activated when either the PV modules or the battery packs are supplying the grid with real power. When compared with the DC/DC mode, the additional state provides an extra degree of freedom to control the input and output sides together. This is necessary to keep the input current constant while generating sinusoidal output voltages and current as presented earlier in Figure 5. The three states are shown in Figure 6 and can be explained as follows:




	■

	
During Stinv1 (0 ≤ t < ton1), switch S1 is turned on so the input current ii increases and L1 is charged. The capacitors C1 and C2 discharge in the output load through S2 and S5 if io is in its positive half cycle and through S3 and S4 if io is negative. As shown in Figure 8a, L2 is charged in this state. The duration of this state is ton1 = d1.ts.




	■

	
During Stinv2 (ton1 ≤ t < ton1 + ton2), switch S1 is still on. However, the capacitors C1 and C2 are charged by turning S3 and S4 on in the positive half cycle of io or by turning switches S2 and S5 on in the negative half cycle. In this case, L2 is charged while L1 is still charging. Therefore, this state provides the decoupling between the input and output sides as shown in Figure 8b. The duration of this state is ton2 = d2.ts.




	■

	
During Stinv3 (ton1 + ton2 ≤ t < ts), switch S1 is turned off, and therefore, capacitors C1 and C2 are still charged by turning but with the input current ii. If io is in its positive half cycle, S3 and S5 will be turned on to provide a path for the current in L2 to flow, and hence, the inductors’ currents are decreasing (see Figure 8c). The same case will occur in the io negative half cycle when using switches S2 and S4.










4.3. AC/DC Operation


The MCI will operate as an AC/DC rectifier when it is required to charge the battery packs from the AC grid. Similar to the inverter operation, the additional state in the modulation scheme provides an additional degree of freedom to control the input grid current and output battery pack’s current independently. This will keep the battery pack’s current constant with time. The three states are shown in Figure 7 and can be explained as follows:




	■

	
During Strec1 (0 ≤ t < ton1), switch S1 is turned off so the battery current ii increases and L1 is charged. The capacitors C1 and C2 discharge in the battery through S2 and S3. The grid side current charges through S3 and S5 or through S2 and S4. As shown in Figure 9a, L2 is charged in this state. The duration of this state is ton1 = d1.ts.




	■

	
During Strec2 (ton1 ≤ t < ton1 + ton2), switch S1 is turned on, and hence, the battery’s current will decrease. Meanwhile, capacitors C1 and C2 are discharged by turning S3 and S4 as shown in Figure 9b. The grid’s side current is increasing while the battery’s current is decreasing in this state. The duration of this state is ton2 = d2.ts.




	■

	
During Strec3 (ton1 + ton2 ≤ t < ts), switch S1 is still turned on, and hence, the battery’s current is decreasing. The capacitors C1 and C2 are charged by turning all the other switches off, and hence, the grid current is commutating in the diodes of S2 and S5. In this case, both inductors L1 and L2 are discharging, and their currents decrease as shown in Figure 9c.











5. MI Modelling and Control


As explained in the previous subsections, the MI operates in three states except for the DC/DC operation. Thus, the state–space model will be obtained by averaging the three states along ts. More details about the averaging method can be found in [22,23,24].



5.1. DC/AC Model (from PV Modules/Batteries into AC Grid)


The state vector can be expressed as x(t) = [ii(t) vCt(t) iL2 (t) vo(t) io (t)] and the output y(t) = ig(t) is the grid current. ii(t) is the input current, vo(t) is the output voltage, iL2(t) is the output inductor’s current, and io(t) is the MI output current. The state vCt(t) is expressed as NvC1(t) + vC2(t), N is the turns ratio (Ns/Np), and Ct is C1C2/(C1 + N2C2). The average model is deduced in (4).


       x ˙  ( t ) =  A  i n v   x   ( t )  .   +    B  i n v    [       v i         v g       ]         A  i n v   =    [     0       d 1  +  d 2  − 1   N  L 1       0   0   0        1 −  d 1  −  d 2    N  C t       0       d 2  −  d 1    N  C t       0   0     0       d 1  −  d 2     L 2       0      − 1    L 2       0     0   0     1   C o       0      − 1    C o         0   0   0     1  n  L g       0     ]   .               B  i n v   =  [       1   L 2       0     0   0     0   0     0   0     0      − 1    L g         ]       



(4)







The transfer function of the inverter is


     G  i n v   ( s ) =    i o     V i    =  C  i n v     ( s I −  A  i n v   )   − 1    B  i n v        C  i n v   = [    0   0   0   0   1    ]    



(5)







Figure 10 shows the PV module-level control when the MCI is operating as a single-phase inverter and the power flows from the PV modules to the ac grid. The reference input current ii* is calculated from the MPPT controller, and then the actual current is controlled by a simple hysteresis controller. The output current is controlled by another proportional-resonant (PR) controller tuned at the grid frequency ωo = 2πf. It should be noted that this control system assumes that all the PV modules operate at the same irradiance and other weather conditions. However, another system-level control will be necessary in case of partial shading to distribute the power on the MIs according to their different maximum power points.



Figure 11 shows the module-level control when the MCI is still operating as a single-phase inverter but with the power flowing from the battery packs to the ac grid. There is no maximum power point to operate at in this case, and therefore, the batteries’ discharging currents are flexible. However, the reference current may be chosen according to the batteries’ nominal current value recommended by the manufacturer to maximize their lifetime.




5.2. AC/DC Model (from AC Grid to Battery Packs)


The state vector of the AC/DC operation can be expressed as xrec(t) = [io (t) iL2 (t) vo(t) vCt(t) ii(t)], and the output yrec(t) = ii(t) is the battery current. The average model is expressed in (6).


       x ˙  ( t ) =  A  r e c   x   ( t )  .   +    B  r e c    [       v i         v g       ]         A  r e c   =    [     0   0      − n    L g       0   0     0   0     1  n  L 2          1 −  d 1     L 2       0       1   C o          − 1    C o       0   0   0        1 − 2  d 2  −  d 1     C t       0   0   0      −  d 1    N  C t         0   0   0       d 1    N  L 1       0     ]   .               B  r e c   =  [     0     1   L g         0   0     0   0     0   0        − 1    L 1       0     ]       



(6)







The transfer function of the rectifier is


     G  r e c   ( s ) =    i i     V g    =  C  r e c     ( s I −  A  r e c   )   − 1    B  r e c        C  r e c   = [    0   0   0   0   1    ]    



(7)







Figure 12 shows the PV module-level control when the MCI is operating as a single-phase rectifier to charge the battery packs from the AC grid. Based on the reference MI power pMI*, the reference grid current io* is calculated using the grid power calculations, and then the actual current is controlled by a PR controller. The battery’s reference current ii* is calculated by estimating the battery’s voltage as well as the state of charge and then controlled by a hysteresis controller.




5.3. DC/DC Model (from PV Modules to Battery Packs)


The state vector of the MI in this case can be expressed as xdc(t) = [ii(t) vCt(t) iL2 (t) vo(t) io (t)], and the output ydc(t) = ii(t) is the battery current. The average model is deduced in (8).


     x ˙  ( t ) =  A  d c   x ( t ) +  B  d c    [       v i         v b       ]       A  d c   =  [     0      1 − d   N  L 1       0   0   0        1 − d   N  C t       0   0   0      − d    C t         0      − d    L 2       0      − 1    L 2       0     0   0     1   C o       0      − 1    C o         0   0   0     1   L 2       0     ]          B  d c   =  [       1   L 1       0     0   0     0   0     0   0     0      − 1    L 2         ]     



(8)







The transfer function of the converter is


     G  d c   ( s ) =    i o     V i    =  C  d c     ( s I −  A  d c   )   − 1    B  d c        C  d c   = [    0   0   0   0   1    ]    



(9)







Figure 13 shows the controller for charging the batteries from the PV modules through the MIs. The reference input current ii* is calculated from the MPPT controller and then the actual current is controlled by a simple hysteresis controller. For simplicity, the battery’s output current is left uncontrolled assuming that the PV power will not exceed the rated power of the MI and the battery pack.





6. MCI Operational Case Studies


Figure 14 shows the experimental setup for the MCI, which was controlled by a TMS32028335 DSP with the parameters in Table 1. The DC voltage sources were used to mimic the PV modules in the associated modes of operation. Each MI was connected to a battery segment composed of 12 series lithium-ion battery cells at approximately 50 V. The battery packs are shown in Figure 15. To ensure the safety of the prototype, the battery packs were controlled by the EMUS battery management system (BMS), which continuously monitored the voltage, temperature, and current of each cell using a dedicated cell module circuit.



The cell modules transferred their voltage, current, and temperature measurements to the central controller using the Controller Area Network (CAN) communication bus. The next subsections will present experimental case studies to explore the operation of the proposed MCI.



6.1. DC/AC Model (from PV Modules into AC Grid)


Figure 16 shows the full system with the PV module and system-level controllers. The MPPT algorithm itself is not in the scope of this paper, and therefore, it will be assumed that the reference power values for each PV module are already known and calculated. The reference current of the kth MI was controlled by the duty-cycle ratio d1k. The other duty-cycle ratio d2k controlled the output voltage and current using the PR controller. The gains of the PR controller are defined as kp and kr. d1k and d2k for different MIs were not identical if the MIs had different operational points for any mismatch such as partial shading, for example. These individual MI controllers operated the system properly if all MIs were at identical operational points. However, a system-level controller was necessary in the case of mismatch to balance the output voltages and current of the different MIs. The system-level controller at the top right generated a central duty-cycle ratio D2 for all MIs, which was added to the individual d2k duty-cycle ratios. Figure 17 shows the power command for the MCI system. During the period T1, MCI had equal power sharing between the four MIs when they started from zero power and increased gradually. During T2, the MIs reached the maximum power of 250 W. The period T3 simulated the partial shading when the top two MIs kept generating 250 W, while the other two dropped to 30%, causing the total power to decrease to 65%.



The Sisotool® toolbox in MATLAB/SIMULINK was used to tune the PR transfer function’s gains in order to compromise between the stability and the bandwidth, as shown in Figure 18. The decentralized control obtained the maximum available power during each interval, as shown in Figure 19. The real power was controlled to a good extent as shown in Figure 19a, where the power increased from 0 W to 250 W for all MIs. Then at t = 0.3 s, the MI3 and MI4 powers dropped to 30% to simulate the partial shading conditions. Because the input side of each MI was controlled by d1k while the output side was controlled by d2k + D2, the input currents were kept constant with time, which means that the second-order power was stored in the flying capacitors. The grid voltage with the output grid current is shown in Figure 19b, where the current followed the power directly. The output voltages of the MIs were equal when the individual MIs powers were equal. During the partial shading conditions, the MIs with higher powers generated higher voltages because all MIs shared the same output current. The output voltages of the MIs are shown in Figure 19c. The input voltages of the power supplies used to mimic the PV module voltages are shown together in Figure 19d.




6.2. Battery Packs vs. AC Grid


The control system to discharge the battery packs into the AC grid is shown in Figure 20. It was similar to the PV/grid controller but without the MPPT controller as the batteries did not have a maximum power point. The charging control system is shown in Figure 21, where the MCI system operated as a rectifier when the power command reversed its direction. Figure 22 shows the case study of discharging and then charging the battery pack.



Between t = 0 and t = 0.1 s, the battery packs were discharged gradually into the AC grid until each MI reached 100% of the rated value, which was 250 W. At t = 0.3 s, the power command was reversed, and the battery packs were charged at 25%. Figure 22a shows the powers of each MI. Figure 22b shows the grid current. Figure 22c shows the terminal ac voltage of each MI. Figure 22d shows the battery terminal voltages during discharging and charging.





7. Discussion


The proposed MCI offers several advantages over the conventional central inverter including improving the system performance and increasing the PV system energy harvesting. This section discusses a comparison between the Cuk central inverter and the Cuk modular inverter in terms of device stress and power losses. Figure 23 illustrates the central-based Cuk inverter versus the modular-based Cuk inverter. The number of switches used in the central Cuk inverter is five switches, while the number of switches in the modular-based Cuk inverter can be calculated as     n   t   = 5 n  , where n is the number of PV modules.



Figure 23a shows the PV system arrangement based on the central Cuk inverter when PV modules are connected in parallel series combination. The np is the number of parallel strings in the PV array, while ns is the number of PV modules connected in series. The current rating can be calculated by multiplying the parallel string by the current at MPP. The modular Cuk inverter on Figure 23b illustrates that each PV module is connected with an independent inverter, which results in minimizing both voltage and current switches. Therefore, the size of the devices used in the design can be reduced.



The number of switches and associated power losses for both central and modular Cuk inverters are calculated according to the mathematical analysis in [25] based on the same power level of 32 kW. Table 2 and Table 3 show the equations used for calculating the power losses for central-based and modular-based inverters, respectively.



The number of switches used in the design will increase by increasing the number of modular Cuk inverters; however, the switches rating can be reduced, which can minimize both the cost and on-resistance of the switches. The device’s stress, power losses, number of switches, and switch costs are listed in Table 4. The numerical analysis is provided for different PV module arrangements. The power losses of the modular Cuk inverter are reduced by increasing the number of modular inverts, which improve the PV system efficiency. In addition, the switch’s cost drops dramatically when the modular Cuk inverter is used. Low-internal-resistance MOSFET switches can be used instead of using conventional IGBT switches. As a result, the cost can be reduced and the efficiency can be further improved. Nevertheless, when the number of switches increases significantly, the efficiency will reduce.



The modular Cuk inverter might increase the complexity of the PV system, and more switches are used in the design; however, the energy harvesting and PV system efficiency improved since each PV module can operate independently in term of MPPT during unbalanced power generation. The fault detection process can become swifter and more accurate when one of the inverters is malfunctioning.



The MPPT algorithm is not in the scope of this paper; therefore, the values for PV modules will be assumed in the look-up table, and the current of the PV module will be changed according to the voltage of the same module. Under the partial shading effect, the DSP will calculate the voltages of the PV module, and then it will assume that the MPP is changed to a new MPP value with its corresponding current.




8. Conclusions


The paper presented a single-phase LV power converter with MIs based on the Cuk inverter with ESS. The MCI connects the PV modules to battery packs on the inputs of the employed MIs. Because it is bidirectional, each Cuk MI is suitable for supporting the AC grid with power from the PV modules as well as charging the battery packs from the AC grid when necessary. The paper presented the control schemes for different modes of operation when the Cuk MI is operating as a DC/AC inverter, AC/DC rectifier, and DC/DC converter. The controllers are designed to maintain the currents from the PV modules and battery packs constant with time, while keeping the AC side voltages and currents at the grid’s frequency of 50/60 Hz. Therefore, the second-order harmonic components generated by the single-phase operation are captured within the MI passive elements and decoupled from the PV module. This will improve the PV efficiency by more than 50%. The proposed MCI is designed to mitigate mismatch problems at the PV module level, and both the conversion efficiency and the MPPT algorithm accuracy can be improved. The bidirectional power flow of the MCI enables connecting battery packs in parallel with the PV module. In this way, the harvested energy can be stored during light loading instead of shedding the PV power. The experimental results of the 1 kW prototype presented the feasibility of MCI with PV modules as well as battery packs using four MIs when connected to the full grid voltage. The experimental results have demonstrated the ability of the proposed system to extract the maximum available power from the PV modules during either normal or partial shading conditions. The paper has not discussed the design and operation of the employed HFT in the Cuk MIs as well as the full MPPT system, and this will be considered in a future work.
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Figure 1. Low-voltage PV MI topologies: (a) Parallel-connected MI system and (b) series-connected MI system. 
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Figure 2. The proposed MCI. 
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Figure 3. One MI of the proposed MCI with battery packs. 
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Figure 4. PV MCI with battery packs modes of operation: (a) DC/AC from PV to grid, (b) DC/AC from battery to grid, (c) DC/DC from PV module to battery, and (d) AC/DC from grid to battery. 
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Figure 5. MCI inversion. 
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Figure 6. Cuk-based MI with isolation. 
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Figure 7. MCI as a DC/DC converter: (a) Stdc1 and (b) Stdc2. 
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Figure 8. MCI as a DC/AC inverter when io is positive: (a) Stinv1, (b) Stinv2, and (c) Stinv3. 
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Figure 9. Cuk MI as an AC/DC rectifier when io is positive: (a) Strec1, (b) Strec2, and (c) Strec3. 
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Figure 10. MCI controller during DC/AC inversion from PV modules to grid. 
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Figure 11. MCI controller during DC/AC inversion from battery packs to grid. 
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Figure 12. MCI controller during AC/DC conversion to charge the battery. 
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Figure 13. MI controller during DC/DC conversion to charge the battery. 
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Figure 14. MCI experimental prototype. 
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Figure 15. Battery segments. 
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Figure 16. MCI, PV module, and system-level controllers for PV/grid DC/AC inversion. 
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Figure 17. Power distribution of the four MIs during PV to grid DC/AC inversion. 
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Figure 18. Control loops during the PV to grid inversion: kp = 2.5 and kr = 5. (a) Bode plot. (b) Pole-zero map. 
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Figure 19. Experimental results of the MIs during PV to grid DC/AC inversion. (a) Powers: top (Ch1 and Ch2), MI1 and MI2; bottom (Ch3 and Ch4), MI3 and MI4; 50 ms/div–100 W/div. (b) Top (Ch1), grid voltage at PCC; bottom (Ch2), grid current; 50 ms/div–200 V/div–5 A/div. (c) Output voltages: top (Ch1 and Ch2), MI1 and MI2; bottom (Ch3 and Ch4), MI3 and MI4; 50 ms/div–200 V/div. (d) Input (power supplies) voltages: top (Ch1 and Ch2), MI1 and MI2; bottom (Ch3 and Ch4), MI3 and MI4; 50 ms/div–20 V/div. 
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Figure 20. PV module and system-level controllers for battery/grid DC/AC inversion. 
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Figure 21. PV module and system-level controllers for grid/battery AC/DC rectification. 
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Figure 22. Experimental results of the MIs for battery/grid discharging and charging. (a) Powers: top (Ch1 and Ch2), MI1 and MI2; bottom (Ch3 and Ch4), MI3 and MI4; 50 ms/div–100 W/div. (b) Top (Ch1), grid voltage at PCC; bottom (Ch2), grid current; 50 ms/div–200 V/div–5 A/div. (c) Output voltages: top (Ch1 and Ch2), MI1 and MI2; bottom (Ch3 and Ch4), MI3 and MI4; 50 ms/div–200 V/div. (d) Input (power supplies) voltages: top (Ch1 and Ch2), MI1 and MI2; bottom (Ch3 and Ch4), MI3 and MI4; 50 ms/div–20 V/div. 
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Figure 23. Central versus modular Cuk inverters. (a) Central Cuk inverter. (b) Modular Cuk inverter. 
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Table 1. Parameters of the MCI model.
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	Parameters
	Value





	Number of modules
	n = 4



	MI rated power
	pMI = 250 W



	MI inductors
	L1 = L2 = 0.5 mH



	MI capacitors
	C1 = C2 = 80 μF—Co = 1 μF



	MI Switching frequency
	fs = 50 kHz



	Transformer turns’ ratio
	N = 1



	Charged battery voltage
	Vbat = 12 s × 4.1 V ≈ 49 V



	Grid voltage
	325 V peak



	Grid impedance
	Lg = 1 mH, rg = 0.5 Ω



	Grid frequency
	f = 50 Hz
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Table 2. Power losses and switches stress of the central Cuk inverter.
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	VSW
	ISW
	Input Switch Losses
	Output Switches’ Losses





	     V   g   +   n   s     V   m p p     
	     n   p     I   m p p     
	     n   p   2     r   D S   o n       I   m p p   2   +   

     3     V   g   +   n   s     V   m p p       I   m p p     2       t   o n   +   t   o f f     +   

     n   p     V   f     I   m p p   +   n   p   2     r   D S     I   m p p   2     
	     r   D S   o n       I   o   2   +   

         V   g   +   n   s     V   m p p       I   o     2       t   o n   +   t   o f f     +   

     V   f     I   o   +   r   D S     I   o   2     
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Table 3. Power losses and switch stress of the modular Cuk inverter.
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	VSW
	ISW
	Input Switch Losses
	Output Switches’ Losses





	     V   g   / n +   n   s     V   m p p     
	     n   p     I   m p p     
	     n   p   2     r   D S   o n       I   m p p   2   +   

       n   p       V   g   / n +   n   s     V   m p p       I   m p p     2       t   o n   +   t   o f f     +   

     n   p     V   f     I   m p p   +   n   p   2     r   D S     I   m p p   2     
	     r   D S   o n       I   o   2   +   

         V   g   / n +   n   s     V   m p p       I   o     2       t   o n   +   t   o f f     +   

     V   f     I   o   +   r   D S     I   o   2     
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Table 4. Comparison between central-based and modular-based topologies at 32 kW.
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	Array

Connection
	Voltage

Stress (V)
	Current

Stress (A)
	Switches
	Switch Losses (W)
	Efficiency
	Number of Switches
	Switch Cost (GBP)





	Central

ns = 16

np = 10
	1030
	136
	IRG5U200SD12B IGBT
	6450
	≈90%
	5
	≈1429



	Modular

n = 2

ns = 8

np = 10
	515
	136
	IRG5U200SD12B IGBT
	2560
	≈92%
	10
	≈233



	Modular

n = 4

ns = 8

np = 5
	515
	68
	IRG5U200SD12B IGBT
	1227
	≈96%
	20
	≈167



	Modular

n = 8

ns = 4

np = 5
	257
	68
	IRG5U200SD12B IGBT
	1900
	≈94%
	40
	≈133
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