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Abstract


This work deals with the design and validation of a combined control strategy to satisfy the requirements for both soft switching and Maximum Power Point Tracking (MPPT) for a Photo Voltaic based (PV-based) battery charging system. The proposed controller is employed for a two-stage parallel full-wave Zero Current Switching (ZCS) quasi resonant boost converter to obtain maximum voltage using Perturb and Observation (P&O) method. The controller utilizes frequency modulation to regulate the output voltage, considering any changes experienced due to the intermittent nature of the PV system. Operating principles of the tow-stage parallel boost converter are thoroughly analyzed, and Matlab Simscape toolbox and its real-time workshop capability is utilized to evaluate the performance of the proposed controller for a battery charging system.
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1. Introduction


In the past decade, renewable energy has witnessed a tremendous demand as a next generation energy source capable of reducing the impacts of energy exhaustion and global warming. Out of numerous renewable energy resources, solar energy is the most prevalent energy source widely adopted. Photovoltaic (PV) systems have been a prominent area of research to improve energy utilization and support the future demand of PV systems. Typically, a PV system is composed of a DC–DC converter, a maximum power point tracker (MPPT), and a battery for energy storage [1].



Nowadays, switching mode power supplies are incorporated in most renewable energy interfaces that are used in many applications throughout residential and industrial sectors [2,3,4,5]. It is of utter importance to accommodate to the increasing demand for small size, low cost and efficient switching mode power supplies. The switching transitions of conventional Pulse Width Modulation (PWM) converters are always lossy due to voltage and current stresses experienced during switching. Conventional boost converters operate using hard-switching to step up the voltage. The switching characteristics of the passive diode cause large spikes during turn-off and turn-on intervals by forcing the switch to have simultaneous nonzero voltage and current [6,7,8]. In addition to that, during hard-switching the MOSFET drain-to-source charge builds up during turn on, which further contributes to the switching losses.



Unlike hard-switching, power losses experienced by DC–DC boost converter can be eliminated using soft-switching techniques by operating the switch either at zero current or at zero voltage. By implementing Zero-Voltage Switching (ZVS) or Zero-Current Switching (ZCS) on DC–DC converters, numerous soft-switching techniques have been proposed to attain high efficiency by reducing switching losses [9,10,11,12]. By eliminating the overlap of current and voltage experienced by hard-switching, soft-switching is considered more suitable for battery charging circuits. In [13], a buck converter is designed using ZVS only for the turn-on transition, hence the turning off switching is lossy. This structure is complex with high costs and losses due to the large number of semiconductors and energy storage devices used to design the DC–DC converter. In [14], two soft-switching DC–DC converter structures are presented. The advantage of this topology is the small number of switching elements and energy storage elements that have been utilized to design the soft-switching circuit. Only ZCS technique is implemented to turn off the power switches, with no ZVS conditions applied, which leads to lossy turn-on transitions.



In this study, a novel control strategy is proposed to facilitate soft switching operation and to enforce maximum power point tracking for improving the overall efficiency of a PV-based battery charging system. To this end, a two-stage parallel ZCS quasi-resonant boost converter is utilized and operated in full-wave mode. Full-wave operation increases the resonant mode interval, and hence, recycles the energy back to the input source by forcing the reverse current flow through an anti-parallel diode connected across the MOSFET [15,16,17]. The proposed strategy controls the switching frequency to maintain ZCS and charge a battery from a PV system. Using an MPPT algorithm, maximum voltage is extracted from the PV system. The merit of the proposed control technique is that it renders an efficient converter by extracting maximum voltage and reducing switching losses while charging a battery.



The organization of this paper is as follows. In Section 2 a two-stage parallel full-wave ZCS quasi resonant boost converter is utilized as an interface between the PV source and battery storage system. Furthermore, the converter’s model is obtained in this section. Section 3 discusses the PV module and MPPT algorithm as the input for the converter. This model is then utilized in Section 4 to derive conversion ratio of the converter, which is used for the proposed switching regime and control strategy. Section 5 describes the battery charger design parameters. The results are presented in Section 6, which illustrate the performance of the proposed system. Finally, conclusions are drawn in Section 7.




2. Operating Principle and Circuit Analysis


Figure 1 shows the schematic diagram of a two-stage parallel full-wave ZCS quasi-resonant converter utilized in this work. In this figure,     L r   1   and     L r   2   are the resonant inductors. Furthermore,     C r   1  ,     C r   2  ,     L i   1   and     L i   2   are the resonant capacitors and main inductors of the converter, respectively. The output capacitor is represented by   C o  . The switching power pole of the converter in Figure 1 is represented by the MOSFET switches   Q 1   and   Q 2  , along with Schottky diodes   D 1   and   D 2  . Diodes     D r   1   and     D r   2   represent the snubber diodes of switches   Q 1   and   Q 2  , respectively. The output voltage of the converter is represented by   V b   which feeds the battery.



To simplify the analysis of the quasi-resonant converter without loss of generality, we assume the voltage drop across all semiconductor elements and diodes in the on-state is negligible. Further, the input current and output voltage ripples are not considered in the design. To satisfy the previous assumptions, the values of the inductors     L i   1   and     L i   2   along with the output capacitor   C o   are chosen to be high enough such that the voltage of output capacitor and the current through the inductors are constant DC values. Hence, inductors     L i   1   and     L i   2   as well as the PV module are modeled as a DC current source     I i   n  . Similarly, the battery voltage together with the output capacitor   C o   are replaced by a DC voltage source   V o   as shown in Figure 2.



The converter utilized in this work has four modes of operation as shown in Figure 2. Derivation of the converter’s dynamics are presented in detail in this section. The initial state of switches   Q 1   and   Q 2   are considered to be off. Further, at   t = 0  , diodes   D 1   and   D 2   are conducting.



Mode I  (  t 0  ≤ t ≤  t 1  )  : In this mode of operation, both switches   Q 1   and   Q 2   are turned on at   t =  t 0    as shown in Figure 2a. The current through the resonant inductors starts to increase from zero until the sum of both currents reach the input current   I  i n   . Using Kirchhoff’s circuit laws, we have


         L r   1    d  i    L r   1     d t   =    L r   2    d  i    L r   2     d t   =  V o            V    C r   1    ( t )  =  V    C r   2    ( t )  =  V o       



(1)




where   i    L r   1    and   i    L r   2    are the currents of resonant inductors     L r   1   and     L r   2  , respectively. Further,   V    C r   1    and   V    C r   2    are the voltages across the resonant capacitors     C r   1   and     C r   2  , respectively. The initial values of the resonant inductors’ currents are assumed to be zero, hence we have


       i    L r   1    ( t )  =   V  o ( t −  t 0  )      L r   1               i    L r   2    ( t )  =   V  o ( t −  t 0  )      L r   2               V    C r   1    ( t )  =  V    C r   2    ( t )  =  V o       



(2)







Using (2), the currents     i D   1   and     i D   2   of both diodes   D 1   and   D 2   can be found as follows


         i D   1   ( t )  =   I  i n   2  −    V o   ( t −  t 0  )      L r   1               i D   2   ( t )  =   I  i n   2  −    V o   ( t −  t 0  )      L r   2        



(3)







Diodes   D 1   and   D 2   will become reverse-biased (off), at   t =  t 1   , when    i    L r   1    (  t 1  )  +  i    L r   2    (  t 1  )  =  I  i n     or    i  D  1 (  t 1  )    =  i  D  2 (  t 1  )    = 0  . Hence,   T 1  , the duration of Mode I can be obtained as follows


   T 1  =  t 1  −  t 0  =    (     L r   2  +    L r   1   )     I i   n    2  V o     



(4)







Multiplying both sides of (4) by   ω r  , we have


   ω r   T 1  =    Z r   I  i n     V o   = α ,  



(5)




where


       ω r  = 1 /   L  r   1  C r   1            Z r  =      L r   1     C r   1         



(6)




which represents the time interval,   T 1  , as  α  in radian.



Mode II  (  t 1  ≤ t ≤  t 2  )  : The two auxiliary diodes   D 1   and   D 2   remain reverse biased (off) from the previous mode. Further, switches   Q 1   and   Q 2   continue to be on in this mode as shown in Figure 2b. This mode is mainly called the resonance mode, as the resonant components     L r   1  ,     L r   2  ,     C r   1   and     C r   2   are resonating at a resonant frequency of   ω r  . Using Kirchhoff’s circuit laws, we have


         L r   1    d  i    L r   1     d t   =  V    C r   1               L r   2    d  i    L r   2     d t   =  V    C r   2               C r   1    d  V    C r   1     d t   =    C r   2    d  V    C r   2     d t   =    I i   n  −  i    L r   1    ( t )  −  i    L r   2    ( t )       



(7)







By performing some algebraic manipulation to (7),     I i   n   along with   V    C r   1    and   V    C r   2    can be found as


         I i   n  =  i    L r   1    ( t )  +  i    L r   2    ( t )  −   V o   Z r   sin  ω r   ( t −  t 1  )            V    C r   1    ( t )  =  V    C r   2    ( t )  =  V o  cos  ω r   ( t −  t 1  )       



(8)







Each switch is connected to a series resonant inductor that is turned off at the second zero crossing of the currents,   i    L r   1    and   i    l r   2   . Both switches   Q 1   and   Q 2   are switched off under full-wave ZCS because of the resonant inductors     L r   1   and     L r   2  . In other words,   Q 1   is turned off when    i  L r    (  t 2  )  = 0   and   Q 2   is turned off when    i  L r    (  t 2  )  = 0  . This mode ends at   t =  t 2   , hence Mode II has a duration of   T 2  , which is obtained as follows


   T 2  =  t 2  −  t 1  =    sin  − 1    (   −  Z r     I i   n    V o   )    ω r   .  



(9)







By rearranging (9), we have


   ω r   T 2  = β ,  



(10)




where the time interval   T 2   can be expressed as   β = 2 π −  sin  − 1    (   −  Z r     I i   n    V o   )    in radian.



Under full-wave operation,  β  should be between   1.5 π   and   2 π  . In this case, both switches   Q 1   and   Q 2   are turned off at the second zero crossing of the inductor current at   t =  t 2   , and this transitions to the next mode.



Mode III (  t 2  ≤ t ≤  t 3  ): In this mode of operation, the resonant capacitors,     C r   1   and     C r   2  , each continue to charge until reaching the value of the output voltage   V o  . The two auxiliary diodes   D 1   and   D 2  , as well as   Q 1   and   Q 2  , remain turned off in this mode as shown in Figure 2c. Similar to the previous modes, by manipulating the algebraic expressions and using Kirchhoff’s circuit laws, we have


       i    L r   1    ( t )  =  i    L r   2    ( t )  = 0           V    C r   1    ( t )  =    I  i n    ( t −  t 2  )     2  C r   1   +  V o  cos β           V    C r   2    ( t )  =    I  i n    ( t −  t 2  )     2  C r   2   +  V o  cos β      



(11)







This mode ends at   t =  t 3   , when the voltage of the resonant capacitors    V    C r   1    (  t 3  )  =  V    C r   2    (  t 3  )  =  V o   , hence resulting in   D 1   and   D 2   to start conducting (on). The duration of this mode,   T 3  , is found as


   T 3  =  t 3  −  t 2  =   2  V o     C r   1     C r   2   ( 1 − cos β )       I i   n   (     C r   1  +    C r   2   )    .  



(12)







Multiplying   ω r   to both sides of (12), we obtain


   ω r   T 3  = γ ,  



(13)




where the time interval   T 3   is equivalent to   γ =    V o   ( 1 − cos β )    Z   r  I i   n      in   r a d   domain.



Mode IV (   t 3  ≤ t  ): In mode 4, the switches   Q 1   and   Q 2   remain off, however, in this mode, diodes   D 1   and   D 2   are on as shown in Figure 2d. By applying Kirchhoff’s circuit, we have


       i    L r   1    ( t )  =  i    L r   2    ( t )  = 0        V    C r   1    ( t )  =  V    C r   2    ( t )  =  V o       



(14)







Mode 4 transitions to the next switching cycle when the switches are turned back on.




3. Modeling of PV Module and Maximum Power Point Tracking Algorithm


This section describes the characteristics of the utilized PV module and the algorithm implemented to extract maximum voltage from the PV module.



3.1. Photo Voltaic Characteristics


The equivalent circuit of a PV cell is shown in Figure 3. The PV cell’s voltage, V, is used to obtain an expression for the output current, I, of the equivalent circuit [18,19]. The photo-current,   I L  , is a function of the cell’s irradiance and temperature.



The amount of solar energy harvested from the PV system is mainly influenced by the solar irradiance. As the irradiance decreases, the short circuit current decreases. Hence, the PV system generates higher power when the irradiance is high [20]. Figure 4 describes the P-V characteristics curve of the PV cell. The PV power curve increases with an increase in solar irradiance. The equations governing the V-I characteristic of the PV, based on the equivalent circuit shown in Figure 3, are given by


      I =  I  L −  I D  −    I s   h             I =  I L  −  I o   [  e   V + I  R S    n  V T     − 1 ]  −   V + I  R s    R p        



(15)




where I is the cell current, n is the diode quality factor,   V T   is the thermal voltage of the cell,   R s   is the series resistance and   R p   is the shunt resistance [21].




3.2. Maximum Power Point Tracking Algorithm


The MPPT converter applies current control to track the maximum power operating point and obtain the voltage at maximum power point. The MPPT algorithm utilized in this work is P&O technique, which is usually used to alter the duty cycle to obtain the maximum power; however, to ensure the functionality of both soft-switching technique and MPPT, the current is being altered by the proposed P&O algorithm in this work as shown in Figure 5.



The P-V characteristics curve is different for each specific irradiance. Using P&O, the value of the voltage at maximum power point (  V    m p   p   ) is obtained as shown in Figure 4. As the irradiance changes,   V    m p   p   , which is the peak voltage at maximum power, is extracted.





4. Conversion Ratio and Controller Design


In this section an equation representing the conversion ratio of the utilized two-stage parallel full-wave ZCS quasi resonant boost converter is derived. The obtained conversion ratio reveals that both average values of the converter’s current and voltage are dependent and controlled by the resonant components of the soft-switching converter. The conversion ratio can be derived as follows


  μ =   〈  i 1   ( t )      〉  T   s    〈  i 2   ( t )      〉  T   s    ,  



(16)




where    i 2   ( t )    and    i 1   ( t )    are the output and input currents of the converter, respectively. The input current can be found, using Kirchoff’s current law, as the sum of the resonant inductors’ current and the output current. The conversion ratio  μ  of the proposed converter can be calculated as


  μ =   〈    i L   r   ( t )      〉  T   s  +  I o    I o   = 1 +   〈    i L   r   ( t )      〉  T   s    I o   .  



(17)




where   T s   represents the switching period and     i L   r   is the sum of   i    L r   1    and   i    L r   2   .



The average current value of both resonant inductors   〈    i L   r   ( t )      〉  T   s    can be calculated by dividing the total charge passing through the inductors during the resonance phase over the total switching period as follows


  〈    i L   r   ( t )      〉  T   s  =   Δ q   T s   ,  



(18)




where   Δ q =  q 1  +  q 2   . The charges of the inductors during the resonance phase Mode I and Mode II are represented by   q 1   and   q 2  , respectively. For Mode I,   q 1   is found as


   q 1  =  ∫   t 0    t 1      i L   r   ( t )  d t .  



(19)







Substituting     i l   r   from (2) and applying some algebraic manipulations, we obtain the following


   q 1  =  ∫  0   α  ω r       V o  τ     L r   1   d τ =   α  I  i n     2  ω r    ,  



(20)




where   τ = t −  t 0    and      L r   1  =    L r   2   . Further, by using (8),   q 2   in Mode II can be calculated as


   q 2  =  ∫   α  ω r      α + β   ω r     [  I  i n   +   V o   Z r    sin   ω r   ( τ − α )    ]  d τ =    I  i n   β   ω r   +  V o     C r   1  −    V c   1     C r   1  ,  



(21)




where     V c   1   is the voltage across the resonant capacitor     C r   1   at the end of mode II, which is equal to the voltage across resonant capacitor     C r   2  . The voltage across the resonant capacitors at   t =  t 2    can be found as


     V c   1  =  V o    1 −   (    Z r   I  i n     V o   )  2    .  



(22)







Substituting (20) and (21) into (18), we have


  〈    i L   r   ( t )      〉  T   s  =  F  2 π      α  I  i n    2  + β  I  i n   +   V o   Z r    ( 1 −   1 −    J s   2    )   .  



(23)







Furthermore, by substituting (23) into (17), the conversion ratio  μ  can be obtained as


  μ =  1  1 −  F  2 π     1 2   J s  + 2 π −   sin  − 1    J s   +  1  J s    ( 1 −   1 −    J s   2    )     ,  



(24)




where   J s   and F are defined follows


       J s  =    Z r   I  i n     V o         F =   f s   f r        



(25)




and   f r   and   f s   are the resonant and switching frequencies, respectively.



The variation of the conversion ratio  μ  in terms of F and   J s   is illustrated in Figure 6. From this figure, it is evident that the normalized frequency F impacts  μ  significantly. In the proposed control strategy, the resonant frequency   f r   is fixed; hence F is varied when the switching frequency   f s   is changed. A control strategy is designed based on the normalized frequency property, by controlling the switching frequency of the switches of the utilized converter to ensure a robust output voltage.



At the steady-state, the voltages of the input inductors of the converter have an average value of zero. To derive an expression for the voltage gain of the utilized converter, the voltages of the input inductors during resonance mode are equated to the input inductors’ voltage for the remaining time at steady-state. The expression is found as


    V o     V i   n   = 1 −  (   f s   f r   )  ,  



(26)




where   V  i n    is the input voltage of the converter. In addition to that, the on-time duration,   t  o n   , of both switches is found by adding the on times of the switches in Mode I and Mode II. The on-time duration is expressed as


   t  o n   =  T 1  +  T 2  .  



(27)







Equations (24) and (26) are the basis of the proposed control strategy and switching regime. Furthermore, the current obtained from the MPPT algorithm block is used to ensure that the input voltage of the converter is at the maximum power point voltage. The reference current is given by


   I    R E   F   =  I      M P   P   T   −  I M  ,  



(28)




where   I      M P   P   T    is the value of the current extracted from MPPT and   I M   is the measured input current.



Figure 7 illustrates the proposed control strategy and switching regime that controls and regulates the output voltage to charge a battery load at maximum input voltage through soft switching technique.




5. Design Procedure of the Converter


5.1. Switch-Mode Battery Charger Design


In this section, the practical limitations to ensure the proper operation of the converter for a typical battery charging system are discussed and considered for selecting the numerical values of the circuit components of the utilized two-stage parallel full-wave ZCS quasi resonant converter. The load connected to the output of the converter impacts the circuit dynamics. Furthermore, integrating a lithium–ion battery as a load is challenging. The battery experiences both source and sink current capabilities; however, in standalone controllers, only sink current capabilities are experienced. For this reason, to avoid draining the battery, the reverse discharge is reduced by decreasing the run-time. In this work, the exponential zone voltage and cut-off voltage are adjusted. In addition to that, the appropriate filter components are selected for the utilized converter to behave as a battery charger. The output current of the converter should have a high value to decrease the thermal dissipation from the battery, hence increasing the efficiency of the charger and obtaining maximum charging current. The charge current rate is limited by the free-wheeling diode and switching devices. In this case, the maximum charge current rate in the battery design is 1–1.5 Ah.



The time to fully charge the battery is approximately 20 min. The charging time can be made faster if the output current is high, but increasing the output current negatively impacts the battery’s health in the long-term. The state of charge,   S O C  , can be calculated as


  S O C = (   Q r   Q      r a   t   e    ) * 100  



(29)




where   Q      r a   t   e    is rated capacity of the battery and   Q r   is the capacity remaining in the battery. Further, the time to fully charge the battery,   T c  , is given by


   T c  =   C a p a c i t y ( A h )   C u r r e n t ( A )    ( 1.2 )   



(30)







It should be noted that we have considered a   1.2   ratio in (30) to account for 20% efficiency loss.



In this work, a lithium–ion battery is considered in the design. The maximum charge voltage is 30 V with a capacity of 1 Ah.




5.2. Converter Design


The maximum power point voltage of the PV system is taken to be 17.2 V. The irradiance is changed to specific values to consider the intermittent nature of the PV system under different irradiance levels. Table 1 lists all design parameters considered in the proposed system.



Referring back to Figure 1, the resonant components, at steady state, are connected in parallel to the input source and output of the converter. The converters’ main filter components do not fully discharge, hence experiencing peak-to-peak ripple current   Δ  i L    during steady state oscillation. In the design of the filter components of the converter, the current ripple is considered to be 5% and the allowable voltage ripple is taken as 15%. The values of the filter capacitor and inductors can be calculated from [22] as


     L i   1  =    L i   2  =    (  V b  −  V  i n , m i n   )   ( 1 −    t o   n  )    Δ  i L     



(31)






   C o  =    i c     t o   n    Δ  V o     



(32)




where   i c   is output capacitor current and   Δ  V o    is the output voltage ripple.



The size of the resonant filters are selected to ensure the functionality of soft switching in the utilized converter. The currents through the resonant inductors in each switching cycle should reach zero. Therefore, from Mode II, referring to (9), we should have the following condition


     Z r   I  i n , m i n     V o   < 1 .  



(33)







In addition to that, to limit the charging current ripple and output voltage ripple, three considerations are taken into account. First, the resonant tank values, i.e., the resonant capacitors and resonant inductors are selected to be much smaller than the values of the converter’s capacitor and inductors. Further,   J s   from Equation (9) should satisfy the condition of Equation (33).   J s   is considered to be lower than the constant value 1, hence the value of   Z r   is selected to be lower than   4.68    Ω .





6. Evaluation Results and Analysis


A test system consisting of the soft-switching topology along with the proposed switching regime and control strategy is implemented using MATLAB Simulink Simscape and its real-time workshop on the DS1103 PPC controller mounted in a dSPACE expansion box. The converter is built using predefined circuit parameters tabulated in Table 1. The performance of the system is then evaluated through several experiments under various scenarios.



Figure 8 shows the output voltage of the converter without using the proposed controller. The input voltage is varied to check the behavior of the system. Figure 8 reveals that the output voltage does not reach the desired value. In this case, the output voltage reaches an undesirable value of 38 V.



To improve the results obtained from Figure 8, the proposed switching regime and control strategy presented in Section 4 are utilized to overcome irregularities and changes experienced by the converter. The proposed topology maintains and regulates the output voltage of the converter at 30 V DC, regardless of any changes experienced at the input of the converter, due to weather conditions and changes in irradiance levels.



The irradiance of the PV is set to 1000 W/m   2  ; Figure 9 shows the soft-switching functionality of the implemented two-stage parallel full-wave ZCS quasi resonant boost converter. It is evident from Figure 9 that the voltage of both switches is zero or in other words turned off at the second zero crossing of the resonant inductors’ currents. The waveforms of both switch voltages and resonant inductor currents confirm the functionality of the DC–DC boost converter at full-wave soft-switching. Moreover, Figure 10 shows that the converter is able to reach the desired value of 30 V at the output, along with an increase in the battery   S O C  , when the irradiance is set to 1000 W/m   2  .



Furthermore, the irradiance of the PV system is changed to evaluate the behavior of the proposed topology. Figure 11 and Figure 12 show the corresponding waveforms of the converter at an irradiance value of 950 W/m   2  . It is evident from both figures that the desired output voltage of 30 V is reached using full-wave ZCS soft-switching to charge the battery load. Similarly, Figure 13 and Figure 14 validate the functionality of the utilized converter along with the proposed controller at an irradiance of 900 W/m   2  .



Due to the intermittent nature of the PV system, it is vital to evaluate the capability of the proposed topology to sudden changes in the irradiance. In this case, the irradiance is change from 900 W/m   2   to 1000 W/m   2   after   0.05   s. When the irradiance is altered, the switching still occurs at the second zero crossing of the inductor currents as shown in Figure 15. Further, Figure 16 shows that the converter is able to effectively handle the sudden change of irradiance while maintaining the output voltage at 30 V. The proposed controller successfully forces the voltage back to 30 V after   0.05   s.



Due to the parallel topology adopted in this work, the ripple of the output voltage is reduced significantly. From Figure 17, it is evident that the output voltage ripple is approximately 1.5 V without interleaving boost converter; however, for the utilized two-stage parallel topology, the output voltage ripple is dropped down to 0.2 V, as shown in Figure 18. Furthermore, Figure 19 shows the currents of the resonant inductors     L r   1   and     L r   2  . The resonant inductors’ currents increase and decrease sinuously according to the gate signals.




7. Conclusions


In this work, a two-stage parallel full-wave ZCS quasi-resonant boost converter along with MPPT and frequency-modulated control strategy was proposed for charging a battery load from a PV system. The maximum voltage extracted from the PV system is stepped-up using two parallel boost converters with soft switching operation. The results show the performance and effectiveness of the proposed control strategy and switching regime under different irradiance levels and intermittent behavior of PV system to regulate the output voltage at a desired constant DC voltage for charging the battery load.
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	PV
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	PWM
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Figure 1. Two-stage parallel boost converter for PV-based charging system. 
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Figure 2. Two-stage parallel full-wave ZCS quasi-resonant boost converter operation modes: (a) Mode I; (b) Mode II; (c) Mode III; (d) Mode IV. The parts of circuit that are not contributing in each mode of operation have been faded out with dashed line. 
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Figure 3. Equivalent circuit of PV cell. 
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Figure 4. The impact of solar irradiance on P-V characteristics. 
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Figure 5. MPPT—perturb and observe current control. 
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Figure 6. Characteristics of the utilized two-stage parallel full-wave ZCS quasi-resonant boost converter. 
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Figure 7. The proposed control strategy and switching regime with MPPT implementation for the two-stage parallel full-wave ZCS quasi-resonant boost converter. 
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Figure 8. Output voltage without controller. 
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Figure 9. Waveforms for the converter along with the proposed control strategy and switching regime when irradiance = 1000 W/m   2  : (a) resonant inductor current   i    l r   1    and   i    l r   2   ; (b) switch voltage     V Q   1   and     V Q   2  ; (c) resonant capacitor voltage   V    C r   1    and   V    C r   2   . 
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Figure 10. Waveforms for the battery load with the nominal voltage of 24 V and irradiance of 1000 W/m   2  : (a) battery   S O C  ; (b) battery voltage   V b  ; (c) battery current   I b  . 
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Figure 11. Waveforms for the converter along with the proposed control strategy and switching regime when irradiance = 950 W/m   2  : (a) resonant inductor current   i    l r   1    and   i    l r   2   ; (b) switch voltage     V Q   1   and     V Q   2  ; (c) resonant capacitor voltage   V    C r   1    and   V    C r   2   . 
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Figure 12. Waveforms for the battery load with the nominal voltage of 24 V and irradiance of 950 W/m   2  : (a) battery   S O C  ; (b) battery voltage   V b  ; (c) battery current   I b  . 
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Figure 13. Waveforms for the converter along with the proposed control strategy and switching regime when irradiance = 900 W/m   2  : (a) resonant inductor current   i    l r   1    and   i    l r   2   ; (b) switch voltage     V Q   1   and     V Q   2  ; (c) resonant capacitor voltage   V    C r   1    and   V    C r   2   . 
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Figure 14. Waveforms for the battery load with the nominal voltage of 24 V and irradiance of 900 W/m   2  : (a) battery   S O C  ; (b) battery voltage   V b  ; (c) battery current   I b  . 
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Figure 15. Waveforms for the converter along with the proposed control strategy and switching regime when irradiance is changed from 900 to 1000 W/m   2  : (a) resonant inductor current   i    L r   1    and   i    l r   2   ; (b) switch voltage     V Q   1   and     V Q   2  ; (c) resonant capacitor voltage   V    C r   1    and   V    C r   2   . 
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Figure 16. Waveforms for the battery load with the nominal voltage of 24 V with sudden change of irradiance from 900 to 1000 W/m   2  : (a) irradiance W/m   2  ; (b) battery voltage   V b  ; (c) battery   S O C  . 
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Figure 17. Output voltage ripple with the single-stage resonant boost converter. 
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Figure 18. Output voltage ripple with the utilized two-stage parallel resonant boost converter. 
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Figure 19. The current waveform passing through     L r   1   (blue) and     L r   2   (black). 
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Table 1. Converter design parameters.
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	Parameter
	Symbol
	Value
	Unit





	Minimum Input Current
	   I  i n , m i n    
	5
	A



	Maximum Input Current
	   I  i n , m a x    
	   6.4   
	A



	Output Capacitor
	   C o   
	120
	 μ F



	Input Inductor 1
	     L i   1   
	25
	mH



	Input Inductor 2
	     L i   2   
	25
	mH



	Resonant Inductor 1
	     L r   1   
	14
	 μ H



	Resonant Inductor 2
	     L r   2   
	14
	 μ H



	Resonant Capacitor 1
	     C r   1   
	10
	 μ F



	Resonant Capacitor 2
	     C r   2   
	10
	 μ F
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