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Abstract

:

This paper presents a non-isolated DC–DC boost topology with a high-voltage-gain ratio for renewable energy applications. The presented converter is suitable for converting the voltage from low-voltage sources, such as photovoltaic panels, to higher voltage levels. The proposed converter consists of a multiphase boost stage with an interleaving switching technique and a voltage multiplier cell to provide a voltage level at a reduced duty cycle. The interleaved boost stage consists of two legs and can be either fed from single or multiple voltage sources with the ability to control each source separately. The voltage multiplier cell can increase the voltage level by charging and discharging the capacitors. Several advantages are associated with the converter, such as reduced voltage stress on semiconductor elements and a scalable structure, where the number of voltage multiplier cells can be increased. The inductors in the interleaved boost stage share the input current equally, which reduces the conduction loss in the inductors. The input and the output of the converter share the same ground, and all active switches are low-side, which means no feedback or signal isolation is required. The theory of operation and steady-state analysis of the converter operating in the continuous conduction mode is presented. Components selections and efficiency analysis are presented and validated by comparative analysis and simulation results. A 0.195 kW experimental prototype was designed and implemented to convert the voltage from 20 V input source to 400 V output load, at 50 kHz. The test results show a high-performance of the converter as the maximum efficiency point is above 97%.
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1. Introduction


The number of renewable energy sources (RES) installations has been increasing since the end of the 20th century. Several factors contribute to the increase of the RES adoption. First, renewable energy sources are a viable solution to both the energy shortage and environmental pollution. Secondly, the price of material and the manufacturing cost have been substantially declining [1,2]. Several programs and projects are subsidized by the governments to stimulate the energy markets, such as One Million Solar Roof Initiatives in 1997 [3] and the Rural Energy for America Program [4]. The growth of the renewable energy market has driven the research and developments of recent applications and technologies that enable RES deployments, such as DC microgrids and DC distribution systems. The DC distribution system has been attracting researchers’ attention due to the advantages the DC distribution system has over the AC distribution system. The DC distribution system requires fewer converter units, and it has several advantages, for instance, high-efficiency, high power quality, low cost, and the suitability for renewable energy integration [5,6]. Most renewable energy sources feature low-output voltage, such as photovoltaic panels, and the integration into a DC distribution system is challenging. The PV panels typically have a voltage range of 15–45 V [7], and the DC distribution system has a voltage of 360–960 V. Therefore, a step-up DC–DC conversion with a large voltage-gain ratio unit is needed to facilitate the integration.



The simplest step-up topology is the traditional boost converter. The traditional boost converter’s power stage contains only four components: a coil, a low-side MOSFET, a diode, and a capacitor [8]. However, achieving a high-voltage-gain ratio out of the traditional boost converter necessitates operation at a high duty cycle. Ideally, the voltage gain could be very high as the duty cycle approaches unity. Still, in practice, the voltage gain at high duty cycles becomes insufficient due to the inductor and MOSFET conduction losses [9]. The traditional boost converter is not a preferred solution to provide high output voltage because the voltage stress across the diode is equal to the output voltage. This might compel the designer to select inefficient and expensive components. In addition, the critical inductance that ensures continuous conduction mode operation is large, so the power density is decreased [10]. Thus, a multilevel converter such as a three-level step-up converter was mainly proposed to minimize the magnetic elements size and voltage stress across components [11,12]. Nevertheless, the three-level step-up converter’s gain is similar to the one of the traditional boost converter.



Cascading multiple boost converters allows operation at low duty cycles and enhances the overall voltage gain [13,14]. However, such an approach’s efficiency is lower because the power is processed multiple times, and the output diode is required to block the high output voltage. Flying capacitor multilevel converters can boost the input voltage to the desired output voltage with reduced voltage stress across its internal components. Moreover, the inductor required to ensure continuous conduction operation is very small due to the virtual frequency seen by the inductor. The virtual frequency is several times higher than the switching frequency, which depends on the number of stages [15,16]. The flying capacitor is dependent on the phase shift modulation. The higher the number of voltage stages, the higher the minimum duty cycle that is necessary. Increasing the number of stages limits the duty cycle’s operation to a narrow range, making the converter not suitable for applications such as tracking control and load matching.



Another approach used to increase the voltage gain is by employing a coupled inductor or transformer, which can also be utilized to provide isolation [17,18,19]. The use of magnetic devices makes the output voltage a function of the turns ratio, which allows the design at any desired duty ratio. The disadvantage of utilizing coupled inductors or transformers is the voltage spikes across the semiconductor switches caused by leakage inductance. To overcome that, an extra snubbing circuitry is required to circulate the energy. Using a transformer or coupled inductor takes a large area of the hardware prototype, and hence the converter’s power density is reduced. Several research papers introduced multiple boost converters with interleaving technique hybridized with switched capacitors’ circuits [20,21]. Using such a method can significantly enhance the topology, where the switched capacitor increases the power density and minimizes the size of the magnetic elements. However, switch capacitor circuits require a complicated driving circuit and an advanced control scheme to eliminate the capacitors’ voltage mismatches. Replacing the switches capacitor cell with a voltage multiplier cell removes the complexity of gate drive circuitry and the signal isolation such as in [22,23,24,25]. However, the voltage stress across components still high and current sharing between phases is not equal, which compromises the efficiency. The limitation in existing topologies motivates the research in this paper.



The proposed converter comprises a two-phase boost stage with an interleaving technique, an intermediate capacitor, and voltage multiplier cells. The advantages of the presented converter are:




	
The two-phase boost stage with interleaving reduces the current ripples on input current, doubles the ripple frequency, makes it easy to be filtered, and allows precise current measurements to enhance the maximum power point tracking.



	
The converter offers high-voltage gain and, at the same time, low voltage stress across both active and passive components.



	
The proposed converter has a modular structure and can be extended to reduce further the operating duty cycle and voltage stresses across the components.



	
The output of the converter shares the ground with input sources. Thus, the output voltage can be sensed through a voltage divider and no need for expensive differential voltage sensors and isolated feedback loop.



	
The proposed converter can operate in continuous conduction mode (CCM) with smaller inductance. Therefore, higher power density can be achieved.



	
The average current of both inductors are equal, so that conduction loss is at its minimum since the conduction loss is a quadratic function of the inductor RMS currents.








The rest of the papers are organized as follows: Section 2 presents the operation principle and derivation of steady-state equations. Section 3 presents converter design and efficiency analysis. In Section 4, comparative analysis with several high-voltage-gain converters is presented. Section 5 presents simulation results, details about hardware implementation, and experimental results are provided and discussed. Finally, the summary and key points are presented in Section 5.




2. Principle of Operation and Derivation of Steady-State Equations


The converter consisted of a two-phase boost stage, an intermediate capacitor, and a diode capacitor cell to multiply the voltage. The two-phase boost stage uses two low-side MOSFETs and an interleaving technique to share the input current between inductors. The interleaving technique reduces the magnetic volume and increases the source current ripples’ frequency to be filtered. Figure 1a shows the proposed converter with one stage voltage multiplier cell. The voltage multiplier cell is shown in Figure 1b, which comprises three diodes and two capacitors. The proposed converter has a general, flexible structure. That is, the voltage gain could be increased by arranging voltage multiplier cells consecutively, as shown in Figure 1c. However, increasing the number of voltage multiplier cells increases the total conduction loss of the diodes. Throughout this paper, a single voltage multiplier cell stage is used to provide complete analysis and implementation. The proposed converter has three modes of operation, which are governed by two control signals, as shown in Figure 2. Mode 1, where both switches are on, always comes between mode 2 and mode 3. To perform the analysis of the circuit in these modes, few assumptions were made to simplify the analysis. (1) The elements are lossless, (2) the converter operation is in the steady-state, (3) the duty cycle of both MOSFETs are equal, and they are out of phase with (4) all capacitors being large enough to neglect the voltage ripples.



2.1. Mode 1: The MOSFETs Are Both Conducting


Mode 1 occurs twice during a switching period in    t 0  −  t 1    and    t 2  −  t 3   . Both MOSFETs are conducting in this mode, and both inductors are drawing energy from the input source. Hence, all diodes are in the reverse-bias mode, and they are OFF. Therefore, the voltage multiplier cell is disconnected from the interleaved boost stage. The equivalent circuit of this time interval is illustrated in Figure 3a. The state equations of this interval are given by


   L 1    d  i  L 1     d t   =  V  i n    



(1)






   L 2    d  i  L 2     d t   =  V  i n    



(2)






   C 1    d  v  C 1     d t   =  C 2    d  v  C 2     d t   =  C 3    d  v  C 3     d t   = 0  



(3)






   C o    d  v  C o     d t   = −   V o  R   



(4)








2.2. Mode 2:   S 1   Is OFF and   S 2   Is ON


In this mode, diodes   D 2   and   D o   are forward-biased, and they are conducting. The inductor   L 2   is still drawing energy from the source, while the energy of   L 1   is being transferred to the voltage multiplier cell capacitors. The diodes   D 1   and   D 3   are in reverse-bias, and they are blocking in this interval. The capacitors   C 1   and   C 2   are being discharged to the output load and capacitor   C 3  . The equivalent circuit of the converter in this interval is shown in Figure 3b. The state equations are calculated by


   L 1    d  i  L 1     d t   =  V  i n   +  V  C 1   −  V  C 3   =  V  i n   +  V  C 1   +  V  C 2   −  V o   



(5)






   L 2    d  i  L 2     d t   =  V  i n    



(6)






   C 1    d  v  C 1     d t   =  i  L 1    



(7)






   C 2    d  v  C 2     d t   =  i  L 1   −  i  C 3    



(8)






   C 3    d  v  C 3     d t   =  i  L 1   −  i  C 2    



(9)






   C o    d  v  C o     d t   = −   V o  R  +  i  C 2    



(10)








2.3. Mode 3:   S 1   Is ON and   S 2   Is OFF


This mode is opposite to the previous mode. The diodes   D 1   and   D 3   are forward-biased, and they are conducting while the diodes   D 2   and   D o   are reverse-biased, and they are OFF. The capacitor   C 1   is drawing energy from the input voltage and the inductor   L 2  . Inductor   L 1   is being charged from the input voltage. The capacitors and   C 2   and   C 3   are connected in parallel and, therefore, the energy in   C 3   is being discharged to   C 2  . The equivalent circuit of this interval is shown in Figure 3c. The state equations of this interval are given by


   L 1    d  i  L 1     d t   =  V  i n    



(11)






   L 2    d  i  L 2     d t   =  V  i n   −  V  C 1   =  V  i n   +  V  C 3   −  V  C 2   −  V  C 1    



(12)






   C 1    d  v  C 1     d t   =  i  L 2    



(13)






   C 2    d  v  C 2     d t   = −  i  C 3    



(14)






   C 3    d  v  C 3     d t   = −  i  C 2    



(15)






   C o    d  v  C o     d t   = −   V o  R   



(16)








2.4. Steady-State Static Voltage Gain


The voltage-second balance is used to derive the steady-state equations. Thus, the average value of the inductors is given by


    v  L 1    =   v  L 2    = 0  



(17)







From Figure 3 and the inductor current equations, one can find the relationship between the voltages in the circuit. The relationship between capacitors voltage and input voltage is given by


   V  i n   =  ( 1 − d )   (  V  C 1   +  V  C 2   −  V  C 3   )  =  ( 1 − d )   (  V o  −  V  C 1   −  V  C 2   )  =  ( 1 − d )   (  V  C 3   −  V  C 1   )  =  ( 1 − d )   (  V  C 1   )   



(18)







By solving (7), one can obtain the voltage across capacitors. The voltage of the intermediate capacitor   C 1   is given by


   V  C 1   =   V  i n    1 − d    



(19)







The voltage across voltage multiplier cell capacitors is given by


   V  C 2   =  V  C 3   =   2  V  i n     1 − d    



(20)




and the output voltage is given by


   V o  =   4  V  i n     1 − d    



(21)







In case the converter has N of voltage multiplier cells, the static voltage gain of the converter is calculated by


  M =   V o   V  i n    =   2 ( N + 1 )   1 − d    



(22)







The ideal voltage gain of the converter at a various number of voltage multiplier cells is shown in Figure 4. One can obtain a high voltage gain at a reduced duty ratio by adding an extra number of voltage multiplier cells. However, increasing the number of voltage multiplier cells increases the bill of material and the c. The primary source of non-idealities is diodes. The voltage gain considering the forward voltage of the diodes (Vf) is calculated by


  M =   V o   V  i n    =   2 ( N + 1 )   1 − d   − N  V f  .  



(23)




The previously detailed analysis in this paper was for the case of one independent source and the same duty cycle of the MOSFETs. The presented converter can take power from multiple independent sources, where each independent source is connected to a phase. For example, two different PV panels with different voltage levels can be connected in parallel and controlled separately. The connection of two independent sources is illustrated in Figure 5. Each phase can work at a different duty cycle than the other, which is applicable to track an individual PV panel’s maximum power point. Table 1 summarizes the voltage gain in the case of two independent sources and various duty cycles cases:





3. Converter Design and Efficiency Analysis


The selection of the most suitable components ensures the converter’s proper operation and enhances the quality of the overall design. This section presents information about components ratings, maximum stresses, and currents.



3.1. Inductor Selection


As previously mentioned, the input current is equally shared among the phases. The average current passing through each inductor is given by


   I  L  1  a v g     =  I  L  2  a v g     =   M  I o   2  =   2  I o    1 − d    



(24)







The current ripple of the inductor current is calculated by


  Δ  i L  =   d  V  i n     L  f s     



(25)







The proposed converter is intended to work in the continuous conduction mode (CCM). Therefore, the critical inductance that ensures the proposed converter operates in the CCM is given by


   L  1 , c r i t   =  L  2 , c r i t   =   2 d R    M 2   f s    =   d  ( 1 − d )   V  i n   R   2  f s   V o     



(26)







However, the inductors are usually selected based on the desired tolerance of current ripples, which is typically less than 30%. The peak current of the inductor is given by


   I  L  1 , p k    =   M  I o   2  +   d  V  i n     2  L 1   f s    =   2 N  I o    1 − d   +   d  V  i n     2  L 1   f s     



(27)






   I  L  2 , p k    =   M  I o   2  +   d  V  i n     2  L 2   f s    =   2 N  I o    1 − d   +   d  V  i n     2  L 2   f s     



(28)







The RMS current is given by


   I  L  1 , r m s    =       2 N  I o    1 − d    2  +      3  d  V  i n     6  L 1   f s     2     



(29)






   I  L  2 , r m s    =       2 N  I o    1 − d    2  +      3  d  V  i n     6  L 2   f s     2     



(30)








3.2. MOSFET Selection


The voltage across the MOSFETs is given by the following:


   V  S 1   =  V  S 2   =   V  i n    1 − d    



(31)







The input current is shared equitably among inductors, and, therefore, the average value of the switch current is given by


   I  S  1 , a v g    =  I  L  1 , a v g    =   2  V o    ( 1 − d ) R    



(32)






   I  S  2 , a v g    =  I  L  2 , a v g    −  I o  =   2  V o    ( 1 − d ) R   −  I o   



(33)




and, for N voltage multiplier cells, the average currents can be calculated by


   I  S  1 , a v g    =  I  L  1 , a v g    =    ( N + 1 )   V o    ( 1 − d ) R    



(34)






   I  S  2 , a v g    =  I  L  2 , a v g    − I o =    ( N + 1 )   V o    ( 1 − d ) R   − I o  



(35)







The effective value of the MOSFET current is given by


   I  S  1 , r m s    =  I o   1 +    4 + d    ( 1 − d )  2       



(36)






   I  S  2 , r m s    =  I o     4 d + 1    ( 1 − d )  2     



(37)




and for N voltage multiplier cells the effective value of the MOSFET current is calculated by


   I  S  1 , r m s    =  I o   1 +      ( N + 1 )  2  + d  N 2     ( 1 − d )  2       



(38)






   I  S  2 , r m s    =  I o       ( N + 1 )  2  d +  N 2     ( 1 − d )  2     



(39)








3.3. Diode Selection


The maximum voltage stresses across the blocking diodes are given by


   V  D 1   =  V  D 2   =  V  D 3   =   V o  2   



(40)







The voltage stress on the output diode is calculated by


   V  D o   =   V  i n   4   



(41)







The voltage stress across blocking diodes could be generalized for N number of cells, which is given by


   V  D N   =   V  i n    ( N + 1 )    



(42)




and the output diode voltage is given by


   V  D o   =   V  i n    2 ( N + 1 )    



(43)







The average current value passing through diodes is equal to the output current


   I  D 1   =  I  D 2   =  I  D 3   =  I  D o   =   V o  R   



(44)




and the rms current can be calculated by


   I   D 1  , r m s   =  I   D 2  , r m s   =  I   D 3  , r m s   =  I   D o  , r m s   =   I o    1 − d     



(45)








3.4. Capacitors Selection


Capacitors are required store energy during off-states and assist with multiplication of the voltage. The output capacitor current is given by


   I  C o   =  I o    d  1 − d     



(46)







The voltage multiplier cell capacitors   C 2   and   C 3   rms current is given as


   I  C 2   =  I  C 3   =  I o   ( 1 +   1  1 − d    )   



(47)







The capacitor   C 1   rms current is given by


   I  C 1   = 2  I o   ( 1 +   1  1 − d    )   



(48)







The rms current passing through voltage multiplier cell capacitors is not affected by the number of stages. The current of the intermediated capacitor   C 1  , on the other hand, depends on the number of voltage multiplier cells, and is given by


   I  C 1   =  ( N + 1 )   I o   ( 1 +   1 d   )   



(49)







The capacitance is selected based on the tolerated voltage ripples. The output capacitor needs to be large enough to supply the load during mode 1. The required output capacitance is given by


   C o  =   d ×  V o    R × Δ  V o  ×  f s     



(50)




where   f s   is the switching frequency, and   Δ  V o    is the tolerated voltage ripples.




3.5. Efficiency Analysis


The conduction power loss in inductors can be determined by the RMS current, which can be calculated by


   P L  =  I   L  1 , r m s    2  D C  R 1  +  I   L  2 , r m s    2  D C  R 2   



(51)




where   D C  R 1    and   D C  R 2    are the DC resistance. In case of    I  L  1 , r m s    =  I  L  2 , r m s      and   D C  R 1  = D C  R 2   , the total conduction loss of the inductors is given by


   P L  = 4  I  L  2  D C R  



(52)







The power losses in the MOSFETs can be approximated into two segments: switching loss and conduction loss. The switching loss of a MOSFET can be found using the following equation:


   P  S W   = 2  (  1 2  ×  I  L ,  a v g    ×  V S  ×  (  t  O F F   +  t  O N   )   f s  +  1 2  ×  f s  ×  C  o s s   ×  V S 2  )   



(53)




where   C  o s s    is MOSFET output capacitor, and   T  O N    and   T  O F F    are the ON and OFF time of the MOSFET, respectively.The conduction loss part is given by


   P  S , c o n d u c t i o n   =  I   s  1 , r m s    2   R 1   ( o n )  +  I   S  2 , r m s    2   R 2   ( o n )   



(54)




where    R 1   ( o n )    and    R 2   ( o n )    are the ON resistance of the   S 1   and   S 2  , respectively. The power loss in the diodes is given by


   P  D , t o t a l   =  ∑  i = 1  N   I  D  a v g    ×  V F  +  ∑  i = 1  N   I  D  r m s    ×  r f   



(55)




where   V f   is the forward voltage and   r f   the forward resistance of the diode. The power loss in capacitors is given by


   P  C , t o t a l   = N  I   C  n , r m s    2  E S  R n  +  I   C  o , r m s    2  E S  R o   



(56)




where the ESR is the equivalent series resistance of the capacitor. The total loss is given by


   P  l o s s   =  P  D , t o t a l   +  P  C , t o t a l   +  P  S , c o n d u c t i o n   +  P  S W   +  P L   



(57)







The power stage efficiency of the converter is calculated by


  η % =   P o    P  l o s s   +  P o    × 100  



(58)









4. Comparative Analysis


Several high-voltage gain DC–DC step-up converters for renewable energy applications can be found in the literature [26,27,28,29,30,31,32]. In this section, the proposed converter is compared only to the converters that have shared ground between the input and the output, and do not have any floating active switch or coupled inductors. The selected existing converters are compared to the proposed converter in terms of the number of components, number of inductive and capacitive storage elements, voltage stress across switching devices, and the voltage gain. Table 2 shows a comparison of the proposed converter with other converters. The proposed converter has higher voltage gain compared to the conventional boost and the interleaved boost converters and lower voltage stress across elements. The converter in [33] has higher voltage stress across components than the proposed converter. The proposed converter has less number of components and higher voltage gain than the converter in [34]. The converter in [35] has a higher number of components than the proposed converter, and with slightly higher voltage gain. The input current in [35] is not equally shared between inductors. The conduction loss of the inductors in an interleaved boost converter is the lowest when the input current is shared equally among inductors. Figure 6 shows the difference of inductors conduction power loss between a converter with equal current sharing and one without equal current sharing between inductors. The difference can be up to 20 W of power loss at 5 A load current and a   D C R = D C  R 1  = D C  R 2    = 0.1 Ω.




5. Simulation and Experimental Results


The operation of the proposed converter was confirmed with simulation and experimental study. The parameters used in the simulation are listed in Table 3. In addition to simulation parameters, small parasitic elements were included to avoid singular loops and allow better simulation performance. The inductors voltage and current waveforms are shown in Figure 7. The average and RMS values of each inductor current are 5 A and ≃5.2 A, correspondingly. Figure 8 shows the voltage stress across the active switches and diodes. The maximum voltage across the active switches is 100 V, and the maximum voltage across the voltage multiplier cell diodes is 200 V, and the voltage stress across the output diode is 100 V. The current passing through MOSFETs is shown in Figure 9, where the RMS of the switches   S 1   and   S 2   are 5.25 A and 5.28 A, respectively. The average current passing through each diode is 0.5 A, and the effective value of the current is 1.11 A. The waveform of capacitors currents is shown in Figure 10. The RMS value of the currents of   C 1  ,   C 2  ,   C 3  , and   C o   are 3.3 A, 1.65 A, 1.65 A, 1.65 A, and 1 A, respectively. The voltage across capacitors is shown in Figure 11. The voltage across the intermediate capacitor   C 1   is 100 V, and the voltage across capacitors   C 2   and   C 3   is 200 V. The efficiency simulation was performed using the equations in Section 3.5. The loss breakdown and breakdown percentage in Figure 12 indicates the component loss value and percentage with respect to the total power versus the load power. The diodes MOSFETs share the majority of power loss, and their losses increase with the increase of load power, and they are culprits of more than 82% of the total power loss at full load. The inductors’ power loss comes after the switching elements, which share about 16% out of the total power loss at full load. Capacitors with low ESR have insignificant power loss compared to other elements.



The proposed converter was experimentally tested in the laboratory to verify the operation. A   195  W a t t   hardware prototype was designed and constructed to convert a 20 V supplied by   N 5700   programmable power supply to a   400   V  D C     load. Figure 13 shows the hardware setup of the experiment. The programmable electronic load BK8502 is used as a load, and an auxiliary voltage source is used to power the gate drive circuits. The power stage was constructed using the components listed in Table 4. The MOSFETs are implemented using   I P A 105 N 15 N 3  , which has a voltage rating of 150 V and has low conduction loss due to low ON resistance. The coils   60 B 104 C   are used for   L 1   and   L 2  . The inductors have 100 µH, which ensure CCM operation and smooth input current. Capacitors are all implemented using   B 32674 D 3106 K   film capacitors with 10 µF and capability of operation at higher voltages. All diodes are implemented using a   M B R 40250 G   Schottky diode with low forward voltage and fast reverse recovery time. The experimental results are shown in Figure 14, Figure 15 and Figure 16. Figure 14 shows the controlling signal of the MOSFETs, which are provided by the signal generator and the voltage stress across MOSFETs and diodes. The voltage across capacitors and their ripples are shown in Figure 15. The voltage ripples of internal capacitors voltages are all less than 1 V, and the magnitude of output voltage ripples is less than 0.2 V. Figure 16 shows the currents in the interleaved boost stage. Similar to the simulation, the average value of the inductors current is 5 A. Due to the out of phase operation between the phases, the input current has a higher frequency and less current ripples. The converter’s efficiency has a maximum value of about 97% and occurred at 80 W. At full load, the efficiency is around 94.5%. The efficiency can be further improved by selecting more efficient switching elements.




6. Conclusions


This paper has presented an interleaved high-voltage-gain step-up DC–DC topology with voltage multiplier cells to convert 20 V to 400 V. The proposed converter has peak efficiency above 97% at 80 W, and full load efficiency is roughly 94%. The converter’s operation was explained by detailed analysis and verified by simulation and experimental results. The proposed converter has several advantages: a high-voltage-gain ratio, low voltage stress across the switching elements, and high efficiency. The input current is smoother than the traditional boost converter, suitable for sensing input current and obtaining accurate measurements. Future work includes controlling the proposed converter using a maximum power point tracking controller and integrating the converter to a 400 V distribution bus or connecting to an inverter to provide AC power to the main grid.
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Figure 1. The presented converter (a) an example converter converter with one stage; (b) the voltage multiplier cell; (c) an example converter with more than one voltage multiplier cell. 
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Figure 2. Switching patterns of the MOSFETs. The converter consists of three modes of operation. 
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Figure 3. The equivalent circuit during (a) interval 1; (b) interval 2; (c) interval 3. 
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Figure 4. The static gain ratio of the proposed converter at various numbers of voltage multiplier cells. 
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Figure 5. The proposed converter with two independent input sources. Both sources share the ground with the output. 
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Figure 6. The difference in inductors’ conduction power loss between a two-phase interleaved boost where the input current is equally shared between inductors and another where input current is not equally shared between inductors. 
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Figure 7. Simulation results of the inductor voltages and currents. The input current is equally shared between inductors. 
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Figure 8. Simulation results of the voltage across the switching devices. 
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Figure 9. Simulation results of the current of the MOSFETs and diodes. 
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Figure 10. Simulation results of the current of the capacitors. 
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Figure 11. Simulation results of he voltage across capacitors. 
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Figure 12. Breakdown loss of the components as function of power (top) and breakdown percentage as a function of time (bottom). 
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Figure 13. The hardware prototype and experimental setup. 
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Figure 14. The experimental results. Switching signals and voltage across semiconductor switches. 
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Figure 15. The experimental results. Voltage across capacitors, voltage ripples, and the output voltage. 
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Figure 16. The experimental results. Inductor currents and MOSFETs current waveforms. 






Figure 16. The experimental results. Inductor currents and MOSFETs current waveforms.



[image: Electronics 09 01965 g016]







[image: Table] 





Table 1. Load voltage corresponding to different cases.
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	Case
	The Output Voltage





	   d 1  ≠  d 2    and    V  i  n 1    ≠  V  i  n 2     
	    ( N + 1 )   (   V  i  n 1     1 −  d 1    +   V  i  n 2     1 −  d 2    )    



	   d 1  ≠  d 2    and    V  i  n 1    =  V  i  n 2     
	    ( N + 1 )   V  i n    (  1  1 −  d 1    +  1  1 −  d 2    )    



	   d 1  =  d 2    and    V  i  n 1    ≠  V  i  n 2     
	     N + 1   1 − d    (  V  i  n 1    +  V  i  n 2    )    



	   d 1  =  d 2    and    V  i  n 1    =  V  i  n 2     
	    2  ( N + 1 )   V  i n     1 − d    
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Table 2. Comparison of the proposed converter with the existing topologies.
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	Topology
	Conventional Boost
	Interleaved Boost
	[33]
	[34]
	[35]
	Proposed





	MOSFETs
	1
	2
	2
	1
	2
	2



	Capacitors
	1
	1
	1
	3
	5
	4



	Inductors
	1
	2
	2
	4
	2
	2



	Diodes
	1
	2
	3
	8
	5
	4



	max voltage stress on MOSFETs
	   V o   
	   V o   
	     V o  +  V  i n    2   
	    V o    1 + D   1 + 3 D     
	    V o  4   
	    V o  2   



	max voltage stress on Diodes
	   V o   
	   V o   
	     V o  +  V  i n    2   
	    V o    1 + D   1 + 3 D     
	    V o  4   
	    V o  2   



	Equal current sharing
	-
	yes
	-
	-
	No
	Yes



	Gain
	   1  1 − d    
	   1  1 − d    
	    1 + d   1 − d    
	    1 + 3 d   1 − d    
	   5  1 − d    
	   4  1 − d    
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Table 3. Parameters listing for the simulation.
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	Parameter
	Value





	Number of voltage multiplier stages
	1



	   V  i n    
	20 V



	   V o   
	400 V



	Load R
	800 Ω



	Duty cycle
	0.8



	   f s   
	50 kHz



	Inductors   L 1   and   L 2  
	100 µH



	Capacitors
	10 µF



	Output capacitor
	20 µF
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Table 4. List of elements used in the experimental prototype.
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	Element
	Symbol
	Rating
	Element #





	Coils
	    L 1  ,  L 2    
	100 µH, DCR = 25 mΩ
	60B104C



	Capacitors
	    C 1  ,  C 2    

   C 3   
	10 µF
	B32674D3106K



	MOSFETs
	    S 1  ,  S 2    
	150.0 V, 37.0 A

  R  d s ( o n )    = 10.53 mΩ
	IPA105N15N3



	Diodes
	    D 1  ,  D 2    

    D 3  ,  D o    
	250 V, 40 A

   V F    = 0.860 V,   t  r r    = 0.035 µs
	MBR40250G



	Load
	   R  l o a d    
	various values
	ceramic resistors
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