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Abstract

:

A new combined boost-Cuk-forward (CBCF) converter with ripple-free input current and low switch voltage stress is proposed for high step-up applications. Two coupled inductors are applied to achieve low switch voltage stress as well as balanced dc-link voltages, wherein the former is placed in series with the boost diode, and the latter is formed as a forward converter. Because these inductors are coupled with the output Cuk inductor, a ripple-free input current is also attained. The proposed converter is run at discontinuous conduction mode (DCM) by applying a low output-side Cuk inductance to reduce the switching loss by providing a ZCS turn-on of MOSFET and removing the diode reverse recovery current. In addition, the proposed converter does not have a problem with ground leakage current. The practical results verify the performance and effectiveness of the proposed CBCF high step-up converter.
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1. Introduction


Nowadays, renewable energy source usage is fundamental to producing electricity since, unlike fossil fuels, they do not contaminate the environment and do not have negative effects on creatures’ lives. Among the renewable energy sources, solar panels have played a significant role owing to their accessibility throughout the world [1,2,3].



The terminal voltage of the photovoltaic (PV) cells is low. Various techniques have been presented to achieve an appropriate voltage level. Series connection of PV modules has been introduced for a string inverter; nonetheless, the MPPT attainment for each module is unfeasible in series connection [4,5]. The microinverter with a single PV module is the best method to achieve MPPT efficiently. As already mentioned, the terminal voltage of almost all renewable energy systems is low, and therefore, high step-up (HSU) dc–dc converters are vital to provide sufficient voltage for the dc-load or grid-tied inverters [2,3]. For instance, the dc-link voltage for the half-bridge inverter must be higher than twice the maximum grid voltage to transfer pure sinusoidal power to the network; otherwise, a distortion occurs at the peak point of the injected current due to a lack of sufficient voltage level.



In general, control-based [6] and topology-based [7,8,9,10,11,12] HSU converters have attracted much attention among scholars. Designing a highly efficient, highly reliable, and low-cost HSU converter is the main target of all scholars. In this regard, all losses should be analyzed to design an efficient converter.



The major sources of losses in these HSU converters for all renewable energy systems are MOSFET conduction loss and high turn-on and turn-off switching loss since the MOSFET passes high current while conducting and turns off under high current and voltage conditions. In addition, high-current and high-voltage MOSFETs are costly and come with a high drain-source resistance which brings about high MOSFET conduction loss [2].



To tackle these problems, researchers have introduced high-gain high step-up converters with a small duty cycle [7], a low-voltage turn-off technique [8], soft-switching conditions [9], as well as a combination of these strategies [10].



The leakage current of the ground owing to parasitic capacitors between the solar panel and the ground is another critical issue in connecting a PV panel to the grid. This problem can be resolved by utilizing isolated-type converters [13]; nevertheless, the efficiency of the isolated HSU is lower than that of non-isolated HSU converters [14]. To tackle ground leakage current, we must connect the grid ground to the PV ground [15]. Therefore, the voltage difference between parasitic capacitors on the PV side will be zero, and the ground leakage current is resolved. The best and easiest method to connect the grid ground to the PV ground is to use half-bridge inverters; however, the total dc-link voltage must be kept to twice the maximum network voltage to avoid any distortion in the current injection [16]. In this context, the topology of the HSU converter is of the essence.



Combining boost-based converters is considered by scholars as achieving a high-gain converter [17,18,19,20]. For instance, the combination of Cuk and SEPIC is introduced in [17,18]. As the input side of both converters is the same, a common MOSFET and inductor are used while the output voltage has a series connection. Since the output voltage polarity of these converters is opposite, the PV ground connects to the middle of the dc-link. By using a half-bridge inverter, the grid and PV grounds can be easily connected; however, the number of elements is high in this structure and the output SEPIK and Cuk inductors are too big and bulky.



The flyback converter is used by some scholars to achieve a new topology-based HSU converter [19,20]. However, the efficiency is low due to the isolated structure, and a separate snubber circuit is required to protect the MOSFET [21]. In addition to the abovementioned aspects, the switching loss influence on the converter efficiency is of high importance. A lossless passive snubber can incredibly enhance efficiency [22]; nevertheless, the number of elements has been increased. Another efficient method is to design the converter in the DCM operation since MOSFET is turned on under ZCS conditions, and the reverse recovery loss is removed. It should be mentioned that the converter has the highest efficiency when it is designed to operate near critical conditions since the RMS switch current is at the lowest value, which creates minor switch conduction loss [23].



Reducing MOSFET stress voltage is another major technique to decrease MOSFET conduction loss as low-voltage MOSFETs have lower drain-source resistance and lower rise and fall times which reduce the switch conduction loss as well as the switching loss [24,25,26].



Additionally, the input current should be low ripple for almost all renewable energy system applications like PV panels and UPS since their output power is constant. For high-ripple current converters, the input capacitor must provide the current ripple which results in a higher series equivalent resistance (SER) loss and reduced life span of the input capacitor [27,28,29,30]. In this context, an interleaved structure is applied in [27]. The ripple cancellation is achieved in this structure by using two similar input inductances with opposite operations [27]. When the first inductor is charging, the second inductor is discharging at the same rate; hence, the summation of these currents remains constant at a complete switching cycle.



In this paper, two step-up converters, boost and Cuk, are combined with the common input and series output. As proved, the voltage gain of these combined converters is different, and the dc-link voltages are unbalanced. Because the different voltage of the two output, dc-link voltages is not zero, a forward-based converter, coupled with the output Cuk inductor, is designed to charge the output forward converter as much as the voltage difference; hence, the summation of the output Cuk and forward converters equals the output boost converter. Therefore, a balanced dc-link voltage is guaranteed for vast input voltage variations. It should be mentioned that identical dc-link voltages are of the essence for a few applications like grid-tied applications. If the dc-link voltage is unbalanced, we have to keep one of them higher than the maximum phase grid voltage to avoid non-sinusoidal power injection; therefore, some energy is stored only in the dc-link to provide the grid connection capability. For the dc-load applications, however, the total dc-link voltage is important and by choosing an appropriate duty cycle, the required dc voltage level can be achieved.



Furthermore, the output Cuk inductance is designed at a small value to provide a DCM operation for the proposed CBCF. In the DCM operation, the MOSFET is turned on under ZCS and low voltage conditions, and the problem with the diode reverse recovery effect is removed.



Moreover, a coupled inductor is placed in series with the diode boost to decrease the voltage stress of the MOSFET. The conduction switch loss as well as switching loss are reduced as low-voltage MOSFETs have a lower drain-source resistance, fall time, and rise time. The simulation results of the two states, coupled inductor with input inductor and coupled inductor with the output Cuk inductor, are separately analyzed and scrutinized. As will be seen, the former provides a reduced voltage stress of MOSFET at a high-ripple input current while the latter provides the same voltage stress of MOSFET at a negligible low-ripple input current.



Finally, the experimental results of the proposed CBCF converter with the coupled inductor with output Cuk inductor are provided by a 150 W experimental prototype.




2. Combined Boost-Cuk-Forward Topology


In this section, two possible proposed topologies are analyzed and compared. In these topologies, the series inductor with boost diode is coupled with the input-side inductor (Figure 1) and the output-side Cuk inductor (Figure 2) to reduce MOSFET voltage stress. The analysis of both circuits is the same since the output Cuk inductor voltage is the same as the input inductor. Nonetheless, the second topology comes with a low-ripple PV-side current.



As depicted, the proposed CBCF is based on boost and Cuk converters where the first dc-link (    V   O 1    ) belongs to the boost converter, and the second dc-link (    V   O 2    ) is for the Cuk converter. The forward converter (red circuit in Figure 1) with the third dc-link (    V   O 3    ) is applied to provide a balanced dc-link voltage. Also, the input inductor and MOSFET are common for both boost and Cuk converters.



As demonstrated, the PV ground is connected in between the dc-link voltages. By utilizing a half-bridge inverter, the grid ground can be simply connected to the PV ground. This is fundamental for connecting non-isolated converters to the grid to achieve an efficient converter by removing the PV-side ground leakage current. Having an identical ground corresponds to zero voltage over the PV-side parasitic capacitors.



A filter must be also applied between the inverter and the network to protect the inverter and suppress the current harmonics.



To provide a softer switching of MOSFET and suppress the reverse recovery effect of the boost and Cuk diodes, the proposed CBCF is designed to run on the DCM. In this context, the output Cuk inductance is low to guarantee the DCM operation of the proposed CBCF. MOSFET is turned on under ZCS and low-voltage conditions, and the reverse recovery current is zero in the DCM operation. Therefore, a more efficient converter is achieved compared to the continuous conduction mode (CCM) operation.



2.1. Operation Basics


The principles of the proposed CBCF converter are explored for one switching cycle in this subsection. In this analysis, all elements of the dc–dc converter are assumed ideal. In this analysis, the magnetizing inductance is considered an output-side Cuk inductance. In addition, all leakage inductances are in series connection with each winding. The winding turn is considered     n   1   =     N   3    /    N   i n       for the first topology (Figure 1),     n   1   =     N   3    /    N   1       for the second topology (Figure 2), and     n   2   =     N   2    /    N   1       for both topologies. It is proven how to achieve a balanced dc-link voltage and reduced MOSFET voltage stress by the winding turn of the coupled inductors.



In general, the proposed method comprises five modes. The significant waveforms and the current direction of the proposed CBCF for each mode are illustrated in Figure 3 and Figure 4, respectively.



Mode 1 (    t   0   −   t   1    ): This mode starts with the ZCS turn-on of MOSFET owing to DCM operation and series connection to the output-side Cuk inductor. Both input inductance and output Cuk inductance are linearly charged during this mode.



The voltage of both inductors is the same where the input voltage charges the input inductance while the output Cuk inductance and dc-link capacitor are charged by the Cuk capacitor.



The MOSFET current is the summation of the Cuk inductance current and input current:


    I   s w   =   I   i n   +   I   l m    



(1)




where


    I   i n   =   I   L i n 0   +     V   i n       L   i n     t  



(2)






    I   L m   =   I   L m 0   +     V   L m       L   m     t = −   I   L i n 0   +     V   L m       L   m     t  



(3)







As seen in Equation (3), the initial magnetizing current equals the input current since the primary current (    I   P    ) is zero at the beginning of this mode. During this mode, however, it is non-zero due to the conduction of     D   3     and     D   1    .



Moreover, the forward diode (    D   3    ) turns on to charge the third output dc-link capacitor (    C   O 3    ).



Mode 2 (    t   1   −   t   2    ): At the beginning of the second mode, MOSFET is turned off, and the input and magnetizing inductance currents transfer to the Cuk diode (    D   2    ). The voltage of input and magnetizing inductances is reversed, and the voltage of boost and Cuk diodes reduces to zero.



Mode 3 (    t   2   −   t   3    ): The Cuk diode current transfers to the boost diode, and the boost diode (    D   1    ) experiences a ZCS turn-on. The Cuk diode current becomes zero at the end of the third mode. The first and second dc-link capacitors are charged through the PV voltage, input inductance, and magnetizing inductance, and the magnetizing and input inductance currents reduce linearly.



Mode 4 (    t   3   −   t   4    ): At the end of the fourth mode, boost and Cuk diodes turn off under ZCS and ZVZCS conditions, respectively. These diodes do not conduct anymore during this switching cycle; therefore, the reverse recovery current loss will be zero.



Mode 5 (    t   4   −   t   0    ): The voltage of input and magnetizing inductance reduces to zero as a result of DCM operation; hence, their currents remain constant, and the switch voltage reduces to the terminal PV voltage. The fixed input current passes through the Cuk capacitor and magnetizing inductance until the end of the fifth mode. The Cuk capacitor is charged through the input and second dc-link capacitor during this mode.




2.2. Voltage Gain


As previously mentioned, the proposed CBCF is an integration of Cuk, boost, and forward converters with common input for boost and Cuk converters and series output of all three converters. The voltage gain of each converter is extracted based on the voltage per second law in the inductors. In this regard, the voltage of both inductors is a key factor in achieving the voltage gain. According to the first mode in Figure 4, during   t = D T  , MOSFET is ON:


    V   L i n   =   V   i n   =   V   m p                                                               t = D T  



(4)






    V   L m   =   V   C 1   −   V   o 2                                                                 t = D T  



(5)







The input voltage (    V   m p    ) is attained by the MPPT strategy from the PV panel. Based on Mode 3 in Figure 4, when the switch is OFF (  t =   D  ´  T  ):


    V   L i n   =     V   i n   −   V   o 1     1 +   n   1                                                                   t =   D  ´  T  



(6)






    V   L m   = −   V   o 2                                                                 t =   D  ´  T  



(7)






    V   C 1   =   V   N 3   +   V   O 1                                                           t =   D  ´  T  



(8)







Because of a low output-side Cuk inductance, CBCF operates in DCM, and the voltage of inductors is zero for the time interval   t = T − D T −   D  ´  T  :


    V   L i n   =   V   L m   = 0  



(9)







Based on the voltage per second law of the input inductor, the boost voltage gain will be as follows:


      V   O 1       V   i n     =     D  ´  + ( 1 +   n   1   ) D     D  ´    =   ( 1 +   n   1   ) D     D  ´    + 1  



(10)







Similarly for the output Cuk inductor the result is as follows:


      V   O 2       V   C 1     =   D   D +   D  ´     



(11)







To achieve the Cuk voltage gain, the relation between the Cuk capacitor and input voltage can be derived by Equation (8):


      V   C 1       V   i n     =   D +   D  ´      D  ´     



(12)







By substituting Equation (12) into Equation (11), the Cuk voltage gain is achieved:


      V   O 2       V   i n     =   D     D  ´     



(13)







As expected, these voltage gains are different; by applying a forward converter with an appropriate winding turn, however, a balanced dc-link voltage can be achieved. In this context, the winding turn     n   1     should be first designed to attain the MOSFET low-voltage stress.



As evident, the switch voltage is as follows:


    V   s w   =   V   C 1   =   V   N 3   +   V   O 1                                   t =   D  ´  T  



(14)







Since     V   N 3     is negative when the MOSFET is OFF, we can decrease the MOSFET voltage stress by applying an appropriate winding turn. For example, the first output dc-link voltage for grid-tied application should be 311 V. By considering     n   1   = 1  ,     V   N 3   =   V   L i n   = − 133 V  , the switch voltage will be about 178 V during   t =   D  ´  T  , and after this period, the switch voltage reduces to the input voltage. As explored, by selecting an appropriate low-voltage MOSFET, a more efficient converter is attained.



After setting the winding turn of the first coupled inductor, both converters should be compared in terms of voltage gain. According to Equation (10) and     n   1   = 1  ,


      V   O 1       V   i n     =   311   45.4   = 7 = 1 +   2 D     D  ´        ⟹         D     D  ´    = 3  



(15)







According to Equations (10) and (13),


    V   O 1   −   V   O 2   =   1 +   2 D     D  ´    −   D     D  ´        V   i n   =   1 +   D     D  ´        V   i n   = 4   V   i n    



(16)







As the discrepancy between the boost and Cuk dc-link voltages is four times the input voltage, by selecting     n   2   =     N   2    /    N   1     = 4  , the forward output dc-link capacitor (    V   O 3    ) equals   4   V   i n     and can compensate for the voltage difference. It must be mentioned that the output Cuk inductance voltage is equal to the terminal PV voltage when MOSFET is ON.





3. Control of the Proposed Converter


3.1. DC–DC Stage


Control of MOSFET generally depends on the application. The proposed converter can be utilized for vast renewable energy storage systems. In this section, however, the PV application is explained. The appropriate voltage and current of a PV panel depends on some parameters like ambient temperature, solar radiation, and shadow effect. The MPPT is realized by techniques like perturb and observe (P & O) procedure. The attained current is the reference current. By comparing the input-side current with the reference current and passing the error of the current through the PI controller the duty cycle is achieved. By the pulse-width modulation (PWM) technique, an appropriate pulse is generated for the main switch. The switching frequency can be adjusted by the PWM method.




3.2. Grid-Side Stage


The grid-side control is also analyzed in this section. In general, the proposed converter can be connected by a half-bridge and a line reactor to the network. The inverter is controlled by grid current. In this context, the dc-link voltage must be passed through a low pass filter (LPF) to remove low-frequency oscillation in the dc-link voltage due to AC load in the output. By comparing this value with the reference voltage and passing through a PI controller, the magnitude of the command network current is achieved. Obviously, the network current is an alternating current. To inject only active power, the per-unit grid voltage is multiplied by the magnitude of the command network current to attain a sinusoidal command network current with a unity power factor. The half-bridge inverter can be controlled by hysteresis control. In this regard, the measured network current is compared to the command current, and then, the current error is passed through the hysteresis band. Figure 5 depicts the control procedure of both the input and network sides for PV applications.



As mentioned, the dc-link voltage has low-frequency oscillation. The amplitude of this oscillation depends on the injected power into the network. As microinverters are low-power, the oscillation of the dc-link voltage is lower than 10% of the total dc-link voltage. Hence, the voltage reference about     V   o   *   = 330 − 340 V   is sufficient for this reference value. When     V   o   *     is compared with the minimum voltage level, it will be also valid for the higher one. Thus, a low THD current without any distortion is achieved.





4. Simulation Outcomes


The simulation analyses of the proposed CBCF, which are illustrated in Figure 1 and Figure 2, are provided and compared. The elements used for experimental and simulation analyses are tabulated in Table 1. As already mentioned, the coupled inductor, which has a series connection with the boost diode, is applied to decrease the switch voltage stress. This inductor can be coupled with the input-side inductor or output Cuk inductor since the voltage of both inductors is the same. Figure 6 demonstrates the simulation analyses of the inductor coupled with the input inductor while Figure 7 shows the simulation results of the inductor coupled with the output Cuk inductor at the rate power of 150 W. As indicated, the input current is almost free ripple when the inductor is coupled with the output Cuk inductor (Figure 6a and Figure 7a). Free ripple input current is necessary for most renewable energy system applications. The output Cuk inductor in the proposed converter provides this ability to be coupled with the inductor, which is in series with the boost diode. As seen in Figure 6b and Figure 7b, both techniques have an acceptable performance to reduce the switch voltage stress. In addition, the balanced output dc-link voltages are investigated in Figure 6c,d and Figure 7c,d. Furthermore, the effect of input voltage variations on the dc-link voltage is explored in Figure 8. The stress voltage and current of all semiconductor elements are tabulated in Table 2.



The effect of input voltage variation is analyzed for the topology shown in Figure 2. In this regard, 30% input voltage reduction is considered (    V   i n   = 32 V  ). According to Equation (15), the ratio     D     D  ´    = 4.36  , and therefore, the winding turn ratio of the forward converter should be     n   2   = 5.36   to achieve a balanced dc-link voltage; however, as we designed this ratio at     n   2   = 4  , the voltage difference between the two dc-link voltages is 32 × 1.36 = 44 V. As seen, the voltage difference is lower than 10% of the total dc-link voltage (622 V). Also, for grid-tied applications, the reference dc-link voltage must be considered at a higher value since the dc-link voltage has low-frequency oscillations equal to twice the grid frequency. Thus, this difference is negligible.




5. Experimental Verifications


The practical performance of the proposed CBCF depicted in Figure 2 is investigated in this section. Figure 9 shows the 150 W prototype of the proposed CBCF.



5.1. Performance of the Proposed Converter


The experimental results of the main elements at the rate power of 150 W are illustrated in Figure 10. The results substantiate the theoretical analyses provided in Section 2.



Figure 10a indicates the voltage (red) and current (blue) of the input inductance where the voltage per second law is valid. The duty cycle is about 30%. The current is almost ripple free which proves the proposed CBCF is operative for almost all renewable energy systems.



Moreover, Figure 10b proves MOSFET voltage stress is reduced by 180 V, which results in utilizing a low-resistance MOSFET and achieving a more efficient converter. Besides, MOSFET is turned on under ZCS and low-voltage conditions since the proposed converter operates at DCM. Removing the reverse recovery current loss is another advantage of the DCM operation of the proposed CBCF due to the ZVS turn-off of the boost diode and ZVZCS turn-off of the Cuk diode before MOSFET being turned on.



The voltage (red) and current (blue) of the boost and Cuk diodes are illustrated in Figure 10c,d, respectively. As seen, the Cuk diode first conducts as soon as MOSFET is turned off. Then, the boost diode passes the current. Finally, both diodes turn off under soft-switching conditions.



Figure 11a illustrates the balanced dc-link voltage. The blue curve corresponds to the output boost converter and the red curve shows the summation of Cuk and forward converters. In addition, the voltage of Cuk and forward is depicted in Figure 11b, which substantiates the theoretical analyses mentioned in Section 2.2.




5.2. Efficiency Analysis


The proposed converter is compared with other studies in terms of MOSFET voltage stress, input current ripple, number of elements, and efficiency (Table 3). As seen, the voltage difference between the output and input of the proposed converter is higher than other topologies. Also, the efficiency of the proposed converter is 93.07% while the MOSFET is not fully soft-switched because of hard turn-off conditions. It must be mentioned that the switching loss is the highest one in the HSU converters.



In addition, the proposed converter has only one MOSFET, which makes the control algorithm easier.





6. Conclusions


In this research, a new integrated boost-Cuk-forward HSU is proposed for renewable energy storage systems. In this topology, a common inductor and MOSFET are used on the PV side for boost and Cuk converters while the output capacitor of the boost is in series with the Cuk capacitor to lift the level of voltage effectively. As proved, the output voltage of these converters is not identical due to the different voltage gain of these converters. As the output-side Cuk inductor has a voltage similar to the input inductor, a forward-based inductor is coupled with the Cuk inductor to charge the output forward capacitor, balance the dc-link for extensive input voltage variations, and make the proposed CBCF appropriate for wider applications like grid-connected application. Additionally, as the PV ground is connected in between the dc-link in the proposed CBCF, the grid ground can be simply connected to the PV ground by a half-bridge inverter. Consequently, the PV-side ground leakage current will be removed in this CBCF.



To attain the low-voltage stress of MOSFET, another coupled inductor is applied in series with the boost diode. As illustrated, this coupled inductor provides a ripple-free input current which is another advantage of the proposed topology.



The output-side Cuk inductance is designed to be very small to provide DCM operation for the proposed converter. Hence, MOSFET is turned on under ZCS and low voltage conditions, and Cuk and boost diodes turn off before the main switch is turned on. Therefore, the reverse recovery current loss becomes zero and the converter operates efficiently. The practical performance of CBCF proves the proposed converter will be applicable for various renewable energy storage systems such as PV panels where a highly reliable and efficient converter is of the essence.
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Figure 1. Proposed converter where the inductor (    L   3    ) is coupled with the input-side inductor. 
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Figure 2. Proposed converter where the inductor (    L   3    ) is coupled with the output-side Cuk inductor. 
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Figure 3. Key waveforms of the main elements. 
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Figure 4. Five operating modes of the proposed method. 
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Figure 5. The control of the input-side dc–dc and grid-side stages for PV applications. 
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Figure 6. The simulations of the proposed CBCF topology depicted in Figure 1 at the rated power of 150 W: (a) Input-side current, (b) switch voltage, (c) first dc-link voltage (    V   O 1    ), (d) the summation of Cuk and forward dc-link (    V   O 2   +   V   O 3    ), and (e) Cuk and forward dc-link voltages. 
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Figure 7. The simulations of the proposed CBCF topology depicted in Figure 2 at the rated power of 150 W: (a) input-side current, (b) switch voltage, (c) first dc-link voltage (    V   O 1    ), (d) the summation of Cuk and forward dc-link (    V   O 2   +   V   O 3    ), and (e) Cuk and forward dc-link voltages. 
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Figure 8. The simulations of the proposed CBCF topology depicted in Figure 2 at 70% of the rated input voltage: (a) first dc-link voltage (    V   O 1    ), (b) the summation of Cuk and forward dc-link (    V   O 2   +   V   O 3    ), and (c) Cuk and forward dc-link voltages. 
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Figure 9. Experimental prototype of the proposed CBCF. 
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Figure 10. Experimental outcomes at the rated power of 150 W: (a) voltage (red) and current (blue) of the input inductor, (b) voltage (red) and current (blue) of MOSFET, (c) voltage (red) and current (blue) of the boost diode, and (d) voltage (red) and current (blue) of the Cuk diode. 






Figure 10. Experimental outcomes at the rated power of 150 W: (a) voltage (red) and current (blue) of the input inductor, (b) voltage (red) and current (blue) of MOSFET, (c) voltage (red) and current (blue) of the boost diode, and (d) voltage (red) and current (blue) of the Cuk diode.



[image: Energies 16 06391 g010]







[image: Energies 16 06391 g011] 





Figure 11. Experimental outcomes of balanced dc-link voltage at the rated power of 150 W: (a) output boost converter (blue) and the summation of the output Cuk and forward converters (red), and (b) output Cuk converter (blue) and output forward converter (red). 
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Table 1. Applied elements in the proposed CBCF.
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	Signs
	Parameters
	Value





	PV
	Solar module
	NA-E130G



	     V   m p     
	Voltage at MPP
	45.4 v



	     I   m p     
	Current at MPP
	3.3 A



	     V   g     
	Grid voltage
	220 Vrms



	     L   g     
	Grid inductance
	4 mH



	     f   s w     
	Switching frequency
	50 KHz



	     L   i n     
	Input inductance
	800 uH



	     L   m     
	Cuk inductance
	17 uH



	     L   l k 1     
	Cuk leakage inductance
	1 uH



	     L   l k 2     
	Forward leakage inductance
	1 uH



	     L   l k 3     
	Third leakage inductance
	2 uH



	k
	Coupling coefficient
	0.96



	     n   1     
	First turn ratio
	1



	     n   2     
	Second turn ratio
	4



	     C   o 1   ,     C   o 2   ,   a n d     C   o 3     
	Output capacitor
	66 uF



	Q
	Main switch
	IRFP4668



	     D   1     
	Boost diode
	MUR860



	     D   2     
	Cuk diode
	MUR860



	     D   3     
	Forward diode
	UF5408



	     C   1     
	Cuk capacitance
	5.6 uF



	     L   g     
	Grid inductance
	3 mH



	    S   1     &     S   2    
	H-bridge switch
	FGL40n120










 





Table 2. Stress voltage and current of all elements.
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	Elements
	Peak Voltage
	Peak Current





	Switch Q
	   0.5 (   V   O 1   +   V   i n   )   
	     I   L c u k , m a x   + 1.1   I   L i n     



	   Diode     D   1     
	     V   O 2   +   V   i n     
	     1.1 I   L i n     



	   Diode     D   2     
	     V   O 1   +   V   i n     
	     I   L c u k , m a x   + 1.1   I   L i n     



	   Diode     D   3     
	   2 (   V   O 1   −   V   i n   )   
	     I   D 3 − m a x   ∝   C   O 3     










 





Table 3. Comparison of the proposed converter with previous converters.
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	Ref.
	No. of Passive Elements
	No. of Semiconductors
	Switching Condition
	Input Current Ripple
	MOSFET

Stress Voltage
	Efficiency





	[23]

12 V/120 V
	3 inductors

5 capacitors
	2 switches

2 diodes
	Soft
	High
	High
	91.8%



	[24]

24 V/250 V
	2 inductors

3 capacitors
	1 switch

3 diodes
	Hard
	High
	Low
	89%



	[28]

40 V/400 V
	3 inductors

4 capacitors
	2 switches

2 diodes
	Soft
	Low
	High
	94.8%



	[30]

30 V/200 V
	5 inductors

5 capacitors
	1 switch

4 diodes
	Soft
	Low
	Low
	94.2%



	Proposed

45 V/622 V
	4 inductors

4 capacitors
	1 switch

3 diodes
	Hard
	Low
	Low
	93.07%
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