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Abstract

:

This paper proposes an isolated buck-boost topology and control strategy for the photovoltaic (PV) medium-voltage DC (MVDC) converter with low-voltage ride through (LVRT) capability. The proposed isolated buck-boost topology operates on either boost or buck mode by only controlling the active semiconductors on the low-voltage side. Based on this topology, medium-voltage (MV) dc–dc module is able to be developed to reduce the number of modules and increase the power density in the converter, which corresponds to the first contribution. As another contribution, a LVRT method based on an LC filter for MVDC converter is proposed without additional circuit and a feedback capacitor current control method for the isolated buck-boost converter is proposed to solve the instability problem caused by the resonance spike of the LC filter. Five kV/50 kW SiC-based dc–dc modules and ±10 kV/200 kW PV MVDC converters were developed. Experiments of the converter for MVDC system in the normal and LVRT conditions are presented. The experimental results verify the effectiveness of the proposed topology and control strategy.
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1. Introduction


In recent years, PV power generation has developed rapidly. At the same time, medium-voltage DC (MVDC) power distribution systems have gradually begun to demonstrate applications. Compared with traditional AC grid-connected systems, PV DC grid-connected systems have fewer conversion links, no reactive power loss, reduced transmission line costs, and no power quality problem such as harmonics. It has the characteristics of low cost and high efficiency [1,2,3].



The PV MVDC grid-connected system is a new type of PV system as shown in Figure 1. The PV DC grid-connected converter is the core equipment in the system. It has the following characteristics: (1) High boost gain. The voltage gain is tens or even hundreds and can be changed in a wide range; (2) Medium DC output voltage [4]; (3) Galvanic separation. For medium- or high-voltage application, galvanic separation should be applied to prevent dc fault propagation [5]; (4) LVRT capability in case of grid voltage dip [6].



The capability of LVRT enables the converter to withstand voltage sags and maintain the connection to the grid and avoid loss of power generation. Power injection during LVRT enhances the voltage of the common coupling point [7]. There are two challenges for the MVDC converter to achieve LVRT. Firstly, the converter should not only step up voltage in normal mode, but also step down voltage when the grid voltage drops. Secondly, the discharge of output capacitor leads to current spike during the process of LVRT. The scheme to limit the current spike should be carried out.



Plenty of research works on isolated dc–dc converters have been carried out, but most of them are not fit for MVDC application because of limited ratings of the semiconductors. Series-connected active semiconductors are a solution for MVDC application [8], but it is difficult to keep voltage balance on the switches, especially in high frequency. Modular multilevel dc–dc converter is one solution for MVDC output. A high-frequency-link dc–dc converter based on modular multilevel topology is proposed in [9,10]. However, the voltages of these topologies are stepped up only by transformer and the boosting capacity is limited. As the capacity increases above megawatt level, design and manufacturing of high-frequency transformer (HFT) become more difficult in terms of insulation, cooling [11]. Topology of dc–dc modules with input parallel and output series (IPOS) configuration is another approach for MVDC application. The output voltages of the modules are connected in series to realize the MVDC output of the converter. The capacity and voltage level of the dc–dc modules are greatly reduced relative to the converter. Thereby the difficulty of designing and manufacturing the dc–dc module and HFT is reduced.



Dc–dc modules are the core in an IPOS converter. Different module topologies will lead to different characteristics of the converter. In order to realize high-voltage output and increase the power density of the converter, medium-voltage dc–dc module is required to reduce the number of modules.



Dual-Active-Bridge (DAB) is a popular topology in solid state transformer. The voltage gain range is widened by optimized modulation method [12], but it is not fit for high-voltage gain application because of low-input voltage utilization and limitation of boosting capacity. High-voltage gain can be achieved in isolated boost topology [13]. However, it cannot work when the output voltage is lower than input voltage, LVRT cannot be realized. In addition, a startup circuit on the high-voltage side is required in boost topology.



An isolated buck–boost converter can operate on either buck or boost mode to widen the output voltage range [14]. Not only high-voltage gain, but also wide-voltage range is achieved by the isolated buck–boost converter. Some isolated buck–boost converters are derived by merging a buck converter with a boost converter. A buck cascades a DAB to form a buck–boost topology in [15,16]. A switched-capacitor-based submodule cascades a DAB to form a buck–boost in [17]. The cascaded two stages decrease the efficiency and increase the cost of the converter. The semi-active rectifier-based isolated buck–boost converters are developed in [18,19]. A three-level full-bridge isolated buck–boost converter is proposed in [20] to increase the output voltage. However, active switches should be included on both the primary and secondary sides of the transformer to achieve boost and buck mode in the existing isolated buck–boost converters. The voltage rating of active switches limits the output voltage level of the converter.



Several works are done on the dc converter to avoid overcurrent when voltage dip occurs. A practical solution of dc–dc converter based on switched capacitor is proposed in [21]. The switched capacitor can disconnect from the MVDC grid effectively as dc breaker to avoid capacitor discharge during LVRT. A modular hybrid-full bridge dc converter is proposed in [22]. The full-bridge on the MVDC side is composed of modular-full-bridge (MFB). A dc–dc converter with active front end is presented in [23] to avoid dc capacitors of power modules being directly exposed to the MVDC side. These converters avoid overcurrent during LVRT by introducing an additional circuit on the MVDC side, which increases the cost and reduces the efficiency of the converter.



Isolated buck–boost topology is a suitable solution for a PV MVDC converter with LVRT capability. In order to increase the density and achieve higher voltage, developing a MV dc–dc module is important for a MVDC converter (output voltage above ±10 kV). It is difficult for the aforementioned isolated buck–boost topologies to develop a MV dc–dc module because active semiconductors are applied on the high-voltage side. A large number of modules are required and the power density of the MVDC converter is decreased. Moreover, these existing solutions for achieving LVRT must involve additional semiconductors circuit, which leads to additional loss and restricts output voltage of the dc–dc modules. In order to solve this problem, this paper proposes a new solution for a PV MVDC grid-connected converter with LVRT capability. Compared to the existing work, this paper’s contribution includes:



(1) A novel MV isolated buck–boost topology and its modulation method is proposed. By applying only diodes on the high-voltage side, MV dc–dc module can be developed by this topology to reduce the number of modules in the converter and increase the power density. High-voltage gain will be realized in boost mode, and LVRT will be realized in buck mode.



(2) The LC filter for MVDC converter is proposed to suppress the overcurrent caused by voltage dip, and the LC filter parameter design method is proposed. Compared with the method mentioned above, the converter efficiency is increased and the cost is decreased. In order to solve the unstability problem caused by the resonance spike of the LC filter, a control algorithm based on feedback capacitor current for the isolated buck–boost converter is proposed to ensure the stability.



(3) Experiments of the converter for MVDC system in the normal and LVRT condition are presented.



The rest of the paper is organized as follows. The proposed isolated buck–boost topology and its principle modulation method are described in Section 2. The LC filter for the MVDC converter is also discussed in this section. In Section 3, the unstability problem caused by the resonance spike of the LC filter is analyzed. A control algorithm based on feedback capacitor current is proposed. The complete control strategy for the converter is also proposed there. In Section 4, 5 kV/50 kW SiC-based dc–dc modules and ±10 kV/200 kW PV MVDC converters are developed and laboratory tests result are analyzed. Section 5 concludes this paper.




2. Principle of the Converter


2.1. Proposed Topology


Figure 2 is the topology of the PV MVDC grid-connected converter. The converter with IPOS configuration is shown in Figure 2a. An isolated buck–boost topology is proposed for the modules in Figure 2b.



In order to achieve MV output, the high-voltage side of the proposed topology only consists of 4 diodes without active semiconductors. The medium-voltage module is able to be developed by employing silicon rectifier stack with high-voltage rating. The control system is simplified without control circuit for the high-voltage side.



Buck and boost modes are achieved by controlling the active semiconductors (   Q 0  ~  Q 4   ) on the low-voltage side. Through the coordinated control of the duty cycle of    Q 0  ~  Q 4   , the voltage of clamping capacitor    V  c 2     can be controlled to be either higher or lower than the input voltage. As the capacitor voltage    V  c 2     is higher than the input voltage    V  i n    ,    L  i n     works and    D 0    is off. The topology operates in boost mode. In this mode,    Q 0    is the clamping switch,    Q 1  ~  Q 4    and inductor    L  i n     realize step-up voltage. Otherwise,    D 0    is on and    L  i n     is bypassed. The topology operates in buck mode. The equivalent circuit of the proposed isolated buck–boost topology is shown in Figure 3.    L  l k     is the leakage inductor of the transformer.



In the boost mode, the circuit is able to obtain high-voltage gain by full bridge boost on the low-voltage side and HFT. Not only high-voltage gain, but also a wide range of input voltage is achieved, which meets the requirement of the PV MVDC system. In buck mode, the output voltage range is from 0 to   N  V  i n    . LVRT can be realized in buck mode. Zero output voltage start-up is achieved without additional pre-charging circuit. Redundant module smoothly cutting in online in IPOS can also be realized.




2.2. Modulation of the Proposed Topology


A unified modulation method is proposed for the two modes in Figure 4. The phase shift between the same half bridge switches is 180°. The phase shift between the upper or lower arm switches is 180° too. The two lower arm switches of    Q 2    and    Q 4    have the same duty cycle of 0.5. The two upper arm switches of    Q 1    and    Q 3    have the same duty cycle, which is denoted as D. The adjustment range of D is 0 to 1 in ideal condition. The switching sequences of switch    Q 1    and    Q 3    determines the sequence of switch    Q 0   . The circuit operates in buck mode as D is less than 0.5. The circuit operates in boost as D is more than 0.5.



There are current continuous mode (boost-CCM) and current discontinuous mode (boost-DCM) according to input inductor current    i  L i n     in boost mode. Boost-CCM mode is divided into boost-CCM1 and boost-CCM2 according to the leakage current of the transformer. In buck mode, there are current continuous mode buck-CCM, current discontinuous modes buck-DCM1 and buck-DCM2 according to the leakage inductor current    i  L l k    .



Usually, the input inductor is designed as current continuous mode. The leakage inductor of HFT is small to reduce the voltage on the leakage inductor. The leakage inductor current is usually discontinuous. Therefore, boost-CCM2 and buck-DCM2 are commonly used modes. Figure 4a,b are the switching sequence diagram in boost-CCM2 mode and buck-DCM2 mode, respectively.




2.3. Derivation of Voltage Gain


In boost mode, the voltage gain can be obtained by volt-second balance of the leakage inductor    L  l k     and input inductor    L  i n    . It can be obtained by volt-second balance of the leakage inductor    L  l k     in buck mode. The voltage gain in boost and buck modes are shown in Table 1. The following is the derivation process of buck-DCM2 and boost-CCM2.



In the buck-DCM2 mode, the volt-second balance of leakage inductor    L  l k     is given as:


     V  i n   −    V o   N    D =    V o   N     1 2  − D −  D  L l k 1      



(1)






   D  L l k 1   =  1 2  −   N  V  i n      V o    D    



(2)







   D  L l k 1     is the current discontinuous time in buck mode as shown in Figure 4b. N is the transformer turn ratio. The output current can be expressed as:


   I o  =    V o   R  =   N  V  i n   −  V o     N 2   L  l k    f s    D    1 2  −  D  L l k 1      



(3)







   f s    is the switching frequency. R is the load. The voltage gain in buck_DCM2 mode    M  b u c k _ D C M 2     can be expressed as:


   M  b u c k _ D C M 2   =   2 N D      D 2  + 2  K  L l k     + D    



(4)




where    K  L l k   = 2  N 2   L  l k    f S  / R  .



In boost-CCM2 mode, the volt-second balance of input inductor is given as:


     V  C 2   −  V  i n       1 − D   =  V  i n     D −  1 2     



(5)







The relationship between    V  i n     and    V  C 2     can be expressed as:


     V  C 2      V  i n     =  1  2   1 − D      



(6)







In the boost-CCM2 mode, the relationship between    V o    and    V  C 2     can be obtained by Equation (4):


     V o     V  C 2     =   2 N   1 − D           1 − D    2  + 2  K  L l k     +   1 − D      



(7)







The voltage gain in boost-CCM1 mode    M  b o o s t _ C C M 1     can be expressed as:


   M  b o o s t _ C C M 1   =    V o     V  i n     =    V  C 2      V  i n     ×    V o     V  C 2        



(8)






   M  b o o s t _ C C M 1   =    V o     V  i n     =  N        1 − D    2  + 2  K  L l k     +   1 − D      



(9)







According to Table 1, the relationship between voltage gain and duty cycle can be obtained. Figure 5 shows the relationship between voltage gain and duty cycle. The voltage gain is related to    K  L l k    .    K  L l k     is denoted as    K  L l k   = 2  N 2   L  l k    f S  / R  . As    K  L l k     increases, the voltage gain curve becomes flatter. Therefore, the voltage gain is able to increase by reducing the leakage inductor or increasing the load resistance.



Table 2 lists the comparison of different isolated topologies related to circuit structure and performance. DAB has limitation of boosting capacity and the output voltage is lower than other topologies. Isolated boost has strong boosting capacity but cannot operate in low-voltage range. In the isolated buck–boost topologies [18,20], buck and boost modes are achieved by coordinated control of active switches of the primary and secondary sides. The output voltage cannot reach MV level. Switch drivers and auxiliary power supply is required on the high-voltage side. They must sustain high-voltage stress of common mode and differential mode. These will increase the complexity and reduce the reliability of the converter. In the proposed topology, there are no active switches but only diodes on the high-voltage side. By only controlling the low-voltage side active switches, the topology is able to switch between boost and buck mode. The output voltage of the proposed topology is easy to reach medium-voltage level. MVDC modules are able to be developed. That is important for the MVDC converter to reduce the module number and increase the power density. Meanwhile, only controller and switch drives are needed on the low-voltage side in the proposed topology. The control system is simplified.




2.4. LC Filter in the Converter


A LC filter is designed in the converter. It has two functions: (1) Filter out high-frequency components of output current to obtain a lower output current ripple. (2) Limit the output surge current during the grid voltage drops or dc fault occurs. During the process of LVRT, a surge current will occur due to discharge of the output capacitor. An output inductor is introduced in the converter to limit the surge current. The output inductor    L o    and output capacitor    C o    form a LC filter, as shown in Figure 6.



2.4.1. Design of the Output Capacitor


The relationship between current and voltage of capacitor    C o    is described as:


   i c  =  i 2  −  I o  =  C o    d  v c    d t    



(10)




where    i c    and    v c    are the current and voltage of output capacitor    C o   , respectively.    i 2    is the rectifier output current.    I o    is the output current of the converter.



According to Figure 4, Equation (10) can be expressed as:


     V  C 2   −  V c     L  l k   N   t −  I o  =  C o    d  v c    d t     0 ≤ t ≤   1 − D    T s   



(11)




where    V C    is the average voltage of the output capacitor,    T s   . is the switching period.


  ∆  v c  =   ∫  0    1 − D    T s     1   C o           V  i n     2   1 − D     −  V c     L  l k   N   −  I o    d t    



(12)




where   ∆  v c    is the increment voltage of the output capacitor during     1 − D    T s   .



Equation (12) is sorted out to be:


  ∆  v c  =  1   C o        1 − D        T s    2   V  i n     4  L  l k   N   −  I o   T s    −    V C    2  L  l k   N         1 − D    T s     2       



(13)







The maximum value of   ∆  v c    is obtained from (13):


  ∆  v  c m a x   =          T s    2   V  i n     4  L  l k   N   −  I o   T s     2      2  V c   T s    2     L  l k   N      1   C o     



(14)







The capacitor voltage ripple coefficient    α v    is defined as    α v  = ∆  v  c m a x   /  V C   . The minimum value of output capacitor    C  o m i n     is obtained as:


   C  o m i n   =          T s    2   V  i n     4  L  l k   N   −  I o   T s     2      2  V c   T s    2     L  l k   N    α v   V C     



(15)







As    α v    is increased, the output capacitance is reduced. That is benefit for LVRT. However, large voltage ripple on the capacitor will lead to high-voltage stress on the semiconductors. As the switching frequency increased, such as applying a SiC-based semiconductor, the capacitance is dramatically reduced.




2.4.2. Design of the Output Inductor


The transfer function of LC filter    G  L C    s    is described as:


   G  L C    s  =    i o   s     i 2   s     1   L o   C  o c      1   s 2  +  ω r    2     



(16)







   ω r    is the resonance angular frequency.     C  o c     is the equivalent output capacitance of the converter. It is equal to      N m   C o   .     N m    is the number of modules in the converter.


   ω r  =    1   L o   C  o c          



(17)







The main harmonic frequency of    i 2    is defined as    ω h   , then


       i o    j  ω h           i 2    j  ω h        =  1     L o   C  o c       j  ω h     2  + 1      



(18)







The equation is sorted out to be:


   L o  =  1   C  o c    ω h    2           i 2    j  ω h           i o    j  ω h        + 1    



(19)







   α h    is defined as the proportion of harmonics current with frequency    ω h    to the rated output current. In the dc–dc converter,    ω h    is equal to   4 π  f s   . Then the minimum vale of output inductor    L  o 1     can be described as:


   L  o 1   =  1   C  o c    ω h    2           i 2    j 4 π  f s         I o   α h    + 1    



(20)







During the process of LVRT, the discharge of output capacitor    C  o c     will lead to a surge current. The output inductor    L o    should be designed to suppress the surge current.


   L o    d  i  L o     d t   = η  V g   



(21)




where  η  is the voltage sag depth of    V g   .    V g    is the voltage of MVDC grid. Equation (21) is sorted out as:


  ∆  i  L o   =   η  V g   T  L V R T      L o     



(22)







   T  L V R T     is the voltage falling time.   ∆  i  L o     is the increment current during LVRT.


  ∆  i  L o   =  α i   I  o      



(23)







   α i    is the allowable overcurrent ratio. The inductance is obtained as:


   L  o 2   =   η  V g   T  L V R T      α i   I o     



(24)







The value of the output inductor should be designed as the maximum one between    L  o 1     and    L  o 2    .






3. Control Strategy of the Converter


The LC filter can effectively decrease the surge current during LVRT, but it will lead to stability problems in the system. An appropriate control strategy should be proposed to solve the problem.



3.1. The Effect of LC Filter


The LC filter is shown in Figure 7a. In the grid-connected system, the transfer function from    i 1   s    to    i 2   s    for the LC filter is:


     i 2   s     i 1   s    =  1  L C    1   s 2  +  1  L C     =  1  L C    1   s 2  +  ω r    2     



(25)






   ω r  =    1  L C        



(26)




where    ω r    is the resonance angular frequency. The LC filter has a resonant spike at the resonant frequency, and a phase −180° jump occurs at the same time, which causes the system to be unstable, as shown in Figure 8.



In order to solve the problem, damping should be introduced to eliminate the pole. Adding a series resistor R to the inductor L is shown in Figure 7b. The transfer function from    i 1   s    to    i 2   s    for the LCR filter is:


     i 2   s     i 1   s    =  1  L C    1   s 2  + 2 ξ  ω r  s +  ω r    2     



(27)






  ξ =  R 2     C L     



(28)






   ω r  =    1  L C      



(29)




ξ is the damping coefficient. Compared with the transfer function of the LC filter, a damping term is introduced in the transfer function of the LCR filter. The pole is eliminated by a proper ξ. The low-frequency and high-frequency amplitude-frequency characteristics of the transfer function have not been changed, as shown in Figure 8.



ξ can be increased by increase R or C, or decrease L in (28). In the converter,    C o    and    L o    have been determined and    L o    is much larger than    C o   . That will decrease the value of ξ.



By increasing the resistance, the damping coefficient can be effectively improved, which will increase the converter loss in practice. At the same time, adding a damping resistor on the high-voltage side will also increase the cost of the converter.




3.2. Current Control Strategy with Active Damping


Passive damping cannot be used in the converter because of large loss. Adding active damping is an effective method to increase damping without additional loss in the control system.



3.2.1. Model of Current Closed Loop with LC Filter


The current closed loop of the converter with the LC filter is shown in Figure 9.    I  o r e f     is the output current reference. It is generated by the external voltage loop.    i o   s    is the output current sample signal, the err signal between    I  o r e f     and    i o   s    is sent to the output current PI regulator    G i   s   . The duty ratio   d  s    is the result of the PI regulator. The difference of    i 2   s    and    i o   s    is capacitor current    i c   s   .    v g   s    is the grid voltage. The difference of    v c   s    and    v g   s    is output inductor voltage    v  L o    s   .



According to Figure 10, the small-signal transfer function from the output of the current compensation loop to the voltage of the current sampling resistor can be obtained as:


   V o    1 −   s  L  i n      D ′  R      d ^   s  ·  1  D ′   =   i ^  2   s     L  i n   s    D ′    2     



(30)




where    D ′  =  N  2   1 − D      .



Equation (30) is sorted out to be:


   G  i d    s  =     i ^  2   s     d ^   s    =   1 −   s  L  i n      D ′  R        V o   D ′    s  L  i n     ≈    V  i n     s  L  i n      



(31)




where    G  i d    s    is the transfer function of output current to duty cycle.



Figure 11 is the small-signal model in buck mode, the transfer function of    G  i d    s    is given as:


   G  i d    s  =     i ^  2   s     d ^   s    =    M 2   R e   L  l k      M 2   R e  +  L  l k       2   1 − M    V  i n     D M  R e   L  l k   s    



(32)




where    R e  =   2  L  l k      D 2   T s     .


   G  i d    s  ≈   2   1 − M    V  i n     D M  R e  s   =     1 − M   D  V  i n     M  L  l k    f s  s    



(33)







Formulae (31) and (33) are the transfer function of boost and buck, respectively. We can find that the two controlled objects are integral links or approximate integral links.



The current loop gain expression in Figure 9 is obtained in boost mode as:


   T A   s  =    G i   s   G  i d    s     L o   C o   s 2  + 1   =    V  i n     s  L  i n        G i   s     L o   C o   s 2  + 1   =    V  i n     s  L o   C o   L  i n        G i   s     s 2  +  ω r    2     



(34)






   ω r  =    1   L o   C o       



(35)




   ω r    is the resonance frequency. It can be seen from Formula (34) that there is a resonance point in the transfer function and a −180° phase jump occurs at the same time, which causes the converter to be unstable, as shown in Figure 12.




3.2.2. Adding Active Damping in the Converter


As described in 3.1, inductor series resistance is an effective way to increase damping of the control system. In order to add damping without additional loss, an active damping method based on state variable feedback is derived from the passive damping method.



Figure 13a is the current control loop with a series resistance R to the inductor    L o   .    v R   s    is the resistance voltage. Through equivalent transformation, Figure 13a is transformed into Figure 13b.



Comparing with Figure 13a, the resistance voltage feedback point is moved to the output of the current regulator      G i   s   . At the same time, the current sampling point is moved forward to the position of capacitor current    i c   s   . The capacitor current is the feedback variable, and the feedback signal is the product of the feedback variable and the feedback function. By subtracting this feedback signal from the duty ratio, the current control loop in Figure 13b could achieve the same effect as series resistance.



The feedback function    H  i c    .can be simplified by substituting the transfer function of    G  i d    s   :


   H  i c   =  R   G  i d    s   L o  s   =   R  L  i n      L o   V  i n      



(36)







The feedback function of the capacitor current is a proportion link, as shown in Equation (36). There is no integral and differential link in the equation, which greatly simplifies the control strategy. Because the control objects are integral link in both modes, the feedback function of the capacitor current is a proportion link for buck mode too. The control equivalent circuit diagram is shown in Figure 14. Then, the active damping control by capacitor current feedback is achieved. System damping can be controlled by adjusting R.



The transfer function of loop gain in Figure 14 is derived as:


   T A   s  =    G i   s   G  i d    s    L C  s 2  + R C s + 1    



(37)







Substitute Equation (31) into Equation (37), then


   T A   s  =    V  i n      L  i n   s      G i   s     L o   C o   s 2  + R  C o  s + 1    



(38)






  ξ =  R 2       C o     L o         



(39)






   ω r  =    1   L o   C o       



(40)




where  ξ  is the damping coefficient and    ω r    is the resonance angular frequency of transfer Function (38). In order to achieve proper damping without reducing the response speed, the value of the damping coefficient ξ is generally designed as 0.707. The appropriate active damping value    K R    can be obtained by Formula (41):


   K R  = 2 ξ      L o     C o         



(41)







Figure 15 is the bode curve of current control loop before compensation. Ta1 is the loop gain in Equation (34). Ta2 is the loop gain in Equation (38). The resonance point is eliminated in Ta2. Figure 16 shows the loop gain with PI compensation. PI compensators    K P  = 0.01  ,    K I  = 0.002   are implemented in the current loop. The gain margin is 12.8 dB, phase margin is 56.4°.





3.3. Complete Control Strategy


The complete control scheme of the converter is given in Figure 17. The control system includes the input voltage loop and the output current loop. In normal, the maximum power point tracking (MPPT) controller outputs the reference of the input voltage    V  i n r e f    . The result of the voltage PI regulator    G v   (s) is the reference of the output current    I  i n r e f    . The feedback signal    v  i c     participates in the current closed-loop control.



In the process of LVRT, as the depth of the grid voltage drop increases, the output current rises. When the output current reaches the maximum current, the converter will switch from MPPT mode to constant current mode. There will be a threshold time for the LVRT. The converter will confirm the grid fault and shut down if the voltage recovery time exceeds the threshold time. When the grid voltage recovers, the converter will return to the MPPT mode.





4. Simulation and Experimental Results


A 5 kV/50 kW PV dc–dc module based on SiC MOSFETs and SiC Diodes was developed with proposed dc–dc topology, as shown in Figure 18. Four modules are input parallel and output series connected to form ±10 kV/200 kW PV MVDC converter, as shown in Figure 19. The main parameters are shown in Table 3.



Figure 20 shows the waveforms of the dc–dc module in boost mode and buck mode. In Figure 20a–c, the duty cycles are 0.74, 0.65 and 0.53, respectively. The output voltage is 5 kV. The circuit works in boost mode. Figure 20d shows the waveform of the module in buck mode. The duty cycle of 0.45, the input voltage of the module is 500 V, the output voltage is 2.5 kV.



The efficiency curves of the dc–dc module are shown in Figure 21. Efficiency curves under different input and output voltages are shown. In boost mode, as the input voltage increases, the efficiency increases. Because the current is larger in buck mode than boost mode, the efficiency is lower in buck mode. The maximum efficiency is 98.9%.



Figure 22 is the voltage gain range of the dc–dc module and converter. The output voltage curve in Figure 22a conforms to the derivation result in Section 2.3. The voltage gain of the dc–dc module is between 6 and 11. It is between 24 and 44 for the converter in normal to adapt to the changing PV voltage. In the process of LVRT, the converter operates in buck mode and the voltage gain is less than 8 or even close to 0. The blue shade is the voltage gain range of the converter, as shown in Figure 22b. A wide range of voltage gain is realized in the converter.



Table 4 shows the comparison between DAB, isolated boost and proposed topology. As the turn ratio and input voltage are the same, DAB has the lowest output voltage. Isolated boost and proposed topology have the same boosting ability. However, the output voltage of isolated boost cannot be lower than 2.3 kV in Table 4. The proposed topology has wider output voltage.



Figure 23 and Figure 24 are the simulation results of inserting active damping by the proposed method. By only applying the PI regulator, the amplitude of the oscillation is more than 20% of the average output current. By inserting active damping, the ripple of the current is reduced to 0.8%. The waveform is stable and oscillation is effectively eliminated.



Figure 25a,b are the experimental results with the PI regulator and proposed active damping control, respectively. Figure 26 is the experimental result of inserting active damping by the proposed method. It can be seen from the experimental results that the proposed method effectively suppresses oscillation. Table 5 is the comparison between PI and the proposed method. The current ripple is reduced from 30% to 6%.



In the process of LVRT, the grid voltage drops from 5 kV to 1 kV, the controller adjusts the duty ratio to keep the output current on 10 A. The input voltage increases from 768 V to 795 V because the output power is reduced, as shown in Figure 27a. In the process of zero voltage ride through, as shown in Figure 27b, the grid voltage drops to 0 V, the output current is still 10 A by adjusting the duty ratio.



The performance of the converter under LVRT condition is presented in Figure 28. In this experiment, the output of the converter is connected to a 7 kV dc grid. The input is connected to a programmable dc power supply with PV curve. As the grid voltage drops from 7 kV to 2 kV within 150 ms, the current closed loop has a rapid regulation to keep on 2 A during the process of LVRT. The output power is reduced from 14 kW to 4 kW. The input voltage is increased from 350 V to 450 V. As the grid voltage drops from 7 kV to 0 V within 200 ms in Figure 29, the converter regulates the duty cycle to keep the current at 4 A in the whole process. The input voltage is increased from 500 V to 700 V. The input current is reduced from 50 A to 2 A. When the grid voltage recovers, the converter shifts from buck mode to boost mode. There is almost no current spike during this process.




5. Conclusions


This paper presented a PV MVDC grid-connected converter with LVRT capability. A novel isolated buck–boost topology and its modulation method was proposed as the module of the converter. The control system was simplified by only controlling the active semiconductors on the low-voltage side. The output voltage is dramatically increased by applying only diodes on the high-voltage side. The medium-voltage dc–dc module was developed based on this topology to increase the power density of the converter. A LVRT method based on the LC filter for MVDC converter was proposed. Compared with the schemes that require additional circuits to suppress overcurrent during LVRT, this scheme is a cost-effective solution. In order to solve the unstability problem caused by the resonance spike of the LC filter, an active damping control algorithm based on feedback output capacitor current was proposed. Without additional loss, the active damping method can make the control system stable. The complete control strategy is presented and the converter can operate on both normal and LVRT modes. The 5 kV/50 kW SiC-based dc–dc modules and ±10 kV/200 kW PV MVDC converters have been developed. Experiments of the converter for the MVDC system in the normal and LVRT conditions are presented. High-efficiency and satisfied performance of the converter are achieved.
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Figure 1. PV MVDC grid-connected system. 
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Figure 2. Topology of the proposed MVDC converter. 
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Figure 3. Equivalent circuit of the proposed isolated buck–boost topology. 
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Figure 4. Switching sequence diagram in boost and buck modes. 
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Figure 5. The relationship between voltage gain and duty cycle. 
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Figure 6. Converter topology with LC filter. 
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Figure 7. Circuit of LC and LCR filters. 
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Figure 8. The bode waveform of LC filter and LCR filter. 
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Figure 9. Model of current closed loop with LC filter. 
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Figure 10. Small-signal model in boost mode. 
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Figure 11. Small-signal model in buck mode. 
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Figure 12. The bode waveform of current loop gain. 






Figure 12. The bode waveform of current loop gain.



[image: Applsci 11 02739 g012]







[image: Applsci 11 02739 g013 550] 





Figure 13. Block diagram of output current closed-loop control with LCR filter. 
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Figure 14. Equivalent control diagram with output capacitor current feedback. 
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Figure 15. Loop gain before compensation. 
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Figure 16. Loop gain with PI compensation. 
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Figure 17. Complete control scheme of the converter. 






Figure 17. Complete control scheme of the converter.



[image: Applsci 11 02739 g017]







[image: Applsci 11 02739 g018 550] 





Figure 18. 5 kV/50 kW SiC dc–dc module. 
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Figure 19. ±10 kV/200 kW SiC PV MVDC converter. 
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Figure 20. Experimental waveforms of dc module in two modes. 
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Figure 21. Measured efficiency of the dc–dc module. 
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Figure 22. Voltage gain of the dc–dc module and converter. 
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Figure 23. Simulation result of inserting active damping (   I o  = 5   A  ). 
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Figure 24. Simulation result of inserting active damping      I o  = 7   A    . 
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Figure 25. Experimental result of PI and proposed active damping control. 
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Figure 26. Experimental result of inserting active damping by proposed method. 
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Figure 27. Simulation result of the process of LVRT. 
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Figure 28. Experimental result of the process of LVRT (Grid voltage drops 80%). 
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Figure 29. Experimental result of the process of LVRT (Grid voltage drops 100%). 
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Table 1. Voltage gain in boost and buck modes.
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Mode

	
Voltage Gain






	
Boost

	
Boost-CCM1

	
     −   1 − 4  D 2  + 4  K  L l k     N   8     1 − D    2    +   N       1 − 4  D 2  + 4  K  L l k      2  + 16     1 − D    2      8     1 − D    2      




	
Boost-CCM2

	
    N        1 − D    2  + 2  K  L l k     +   1 − D       




	
Boost-DCM1

	
      A  C C M   +    A  C C M     2  + 4 D −   0.5  2  R /  L  i n    f s     2    

    A  C C M   =   −   1 − 4  D 2  + 4  K  L l k       4   1 − D     +         1 − 4  D 2  + 4  K  L l k      2  + 16     1 − D    2      4   1 − D       




	
Boost-DCM2

	
      A  D C M   +    A  D C M     2  + 4 D −   0.5  2  R /  L  i n    f s     2    

    A  D C M   =   2 N   1 − D           1 − D    2  + 4  K  L l k     +   1 − D       




	
Buck

	
Buck-CCM

	
   − 2  K  L l k   N +   N       4  K  L l k      2  −   4  D 2  − 4 D − 3      2    




	
Buck-DCM1

	
     N       8  K  L l k   + 1 + 4 D + 20  D 2     2  + 256  K  L l k     D + 2  D 2        16  K  L l k       




	
Buck-DCM2

	
     2 N D      D 2  + 2  K  L l k     + D     
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Table 2. Comparison between different isolated topologies.
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Topology

	
DAB

	
Isolated Boost

	
[18]

	
[20]

	
Proposed Topology






	
High-voltage side

	
Switches

	
4

	
0

	
2

	
2

	
0




	
Diodes

	
0

	
4

	
4

	
2

	
4




	
Low-voltage side

	
Switches

	
4

	
5

	
4

	
6

	
5




	
Diodes

	
0

	
0

	
2

	
2

	
1




	
Number of capacitors

	
2

	
3

	
6

	
4

	
3




	
Number of inductors

	
0

	
1

	
0

	
0

	
1




	
Output voltage

	
Low

	
High

	
Medium

	
Medium

	
High




	
Boosting capability

	
Low

	
Strong

	
Medium

	
Medium

	
Strong




	
Output voltage range

	
Narrow

	
Medium

	
Wide

	
Wide

	
Wide




	
Efficiency

	
Medium

	
High

	
Medium

	
High

	
High
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Table 3. Parameters of converter and dc module.
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Parameters

	
Value






	
Converter

	
Rated output power Pco

	
200 kW




	
Rated output voltage Vco

	
±10 kV




	
Input voltage Vin

	
450–850 V




	
Number of modules

	
4




	
Output inductor Lo

	
10 mH




	
Switching frequency fs

	
50 kHz




	
DC module

	
Rated power Po

	
50 kW




	
Rated output voltage Vo

	
5000 V




	
Output capacitor Co

	
1 uF




	
Input inductor Lin

	
75 uH




	
Transformer ratio N

	
5.8
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Table 4. Comparison of the output voltage range of different topologies.
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	DAB
	Isolated Boost
	Proposed Topology





	Output voltage range
	0–2.3 kV
	2.3–5 kV
	0–5 kV



	Input voltage
	400 V
	400 V
	400 V



	Turn ratio
	5.8
	5.8
	5.8
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Table 5. Comparison between different control methods.
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	PI
	Proposed Method





	Output voltage    V o   
	2.5 kV
	2.5 kV



	Output current    I o   
	4 A
	4 A



	Percent of output current ripple
	30%
	6%
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
(b) Grid voltage drops 100%





media/file13.jpg
ix(s) AL is) isls) L B_iifs)

vils) vils)

vils) vite)

(a) LC filter (b) LCR filter





media/file4.png
- 4
- Module2 e
S 4
" Modue3 b 3 T CofVe
: N

(a) IPOS structure for the
converter (b) The proposed isolated buck-boost topology for the modules





media/file52.png
v, [5kV/div) _ et

i, [5A/div]

i [50A/div]

Vin [500V/div]

J iz [50A/div] , [10ms/div]

i

(a) PI control

TELEDYNE LECROY

v, [5kV/div] ! il

iy [2A/div] ' _
i, [50A/div ‘

Vin [500V/div]
3 iin [50A/div] : [10ms/div]

(b) Proposed active damping control





media/file48.jpg
(b) Detail of the waveform





media/file39.jpg
™ i oyt
(b) Boost mode (¥, = 600V, ¥, = 5kV)

vy
pRETT)

o ey |

i
©Boost mode (¥,






media/file18.png





media/file21.jpg
@-My

a-ayw;
DMR,






media/file44.png
Step-up mode

v, [1000V/dio]

[500 ms/div]

(a) Experiment result of voltage gain of the dc—dc module

Voltage ratio
N
(%)

"0‘0:;:0}’
TELOHL0 0
Heleleteletelos
130%e %020t 0ede%e %%
B I R
ateteeterelatetetelototere g
B I o

5 poteleledeledetetelete e tTe ot
SRR

LR

>

X

f
e
<

<
52509

K055
0
252
250
25
&

%
%%
X
%

K

2258

5855

0
>
<

KRS
st sats

&
558
0%
oo

&
0
5
5
25
50550505058
S
$0585258%
:'0_.’ X
255
o2t
35S
2
O
&
%
9
X
‘.
9,
255K
SRRIRRRLL
252550585058
25,
5852585
9620230
255K
2522
R
SRR
KRS
962626 %6%
KRS
308
efonetols
KK,
2555088
KHHHK2
XK
FooeTetels.
2R,
X
otetetels
SRS
Polelele’s:
Faletetels!
S5
KK
Pe¥etotels!

9,
<
<
L

L
929,
.0
&
&
D
>
&
RARERK
& &
25252525058
'. ’00
>
a0 %% %%
SRHRRK
SEIKIK,
& &5
‘: -"0
& &
SRRRRR
Foleletele
& %
ORI
SRRRKL
25
0. ¢.0
SRS
L
s
2528254505
BHK
aSetetels!
otelels!
2585052505
o0e¥e%s!
ateteteds
oSelels!
52805
KKK
aSeteteds
B
Q252505
o0a¥e%s
ateteteds
2558525
QOX0R8S
aSetedels
B2
Q%03
asete
25585
2R
&5
250545
Poteteds
5
oletel
SRR
&5
R3S
555
25252825
Yetedels

<
5058

¢,
%
&
%
5
&
&
35
5
o

o%e%0

&,
526
&,
>
2
&,
9
X
X
>
%
25
>
%
.0
0.

LR
LIS PP ot K oSy
(IO IO
PP FC A PR PP K KK P K
""'%&&%%ggg%&%g%%?’
2 D X K P K K

o
LD

R
2828

SR
UK

&3
25
&
%
o
P!

>
>
be¥

25052525
RIHKK,

SRR
20%%0%%0% 202420

%
>

S
3252
25
&
X
&
%4

¥

Input voltage (V)

(b) Voltage gain range of the converter





media/file26.png
:;J, 5
Y

(a) Current control loop with damping

Ve(s)

iofs), ids) VeolS) W V(s )
+
R/Gig(s)Los

(b) Current loop with output capacitor current feedback






media/file61.png
a
: vy [5KV/div] |

Ve [1kV/div]

i [2A/div]

vin [1k/div]

lin_[100A/div]

ile [SOA/dlU]

(a) The process of LVRT





media/file55.jpg
(a) Grid voltage drops 80%





media/file7.jpg
[;
il

Qt
1 r i t
e L iuk d
vk DuT.
v |_ N >
VeV ¢ Vs
T v
i N\ s
vl t Vo VN N
A Vo VM) .
[UoR B ——— .
i -
Mttt o ittt B N T A

(@) Boost mode (b) Buck mode





media/file63.jpg
e e s Sy Ty e e |
1 |

v, [5kV/dio] |
I s |

iy [5A/div)
. vy [1K/di]
i [50A/div] / ([1s/div]

(@) The process of LVRT

Vac [1kV/div]

v, [5kV/dic)

iz [100A/div] [5‘Jms/dlv]
A

(b) Detail of the process





media/file28.png
RLiu/Lu Vin






media/file10.png
nM
- N N
w o w

Voltage gai
5

——KLIk=0.0125
——KLIk=0.025
~——KLIk=0.05

Buck mode

Boost mode /=






media/file11.jpg
Lo l i
D, Hlo, o D, §Ds Jic
te [H= 1 | ite
1n
Te Hlo. —Hia 4D: 4D;






media/file6.png
v
Lin

Do JBQ, _EBQ3 AD; &D;
{F'_Qo A
= (. ==
| B
= C, —EBQZ —EBQ‘* . AD, 4Dy

BQ1 }Q3 AD; &Ds
-
BQZ BQ4 ' AD, Dy

(b) Buck mode





media/file36.png





media/file15.jpg
150

Bode Diagram

Magnitude (dB)
848,338

5

10°

10 10°
Frequency (rads)

10°





media/file62.png
*mm‘

' Ii“‘ I M ‘

| | I Vae [1KV/div

vy [2kV/div] .
T, 2Avdin) TS
) izn_[100A/dio] | [50ms/dio]
- v [1k/div] f :

il.lk [SOA/dIU]
U A T T A

(b) Detail of the process





nav.xhtml


  applsci-11-02739


  
    		
      applsci-11-02739
    


  




  





media/file54.png
TELEDYNE LECROY

i, [5A/div] PI ;Active damping inserted e

d iz [50A/div]

[200ms/div]





media/file2.png
PV MVDC Grid-connected System

PV Unit #1 PV Unit #2 PV Unit #3

DC Grid

DC-AC AC Grid






media/file53.jpg
i, [5A/div] Pl

4 vk [S0A/div]

[200ms/dio]






media/file23.jpg
2
3

8 8 ° 8

(gp) spnyube

10 10° 10 10°
Frequency (rad/s)

10

10°





media/file59.jpg
iy [2A/div]

vin [1K/div]

 [50A/div]

() The process of LVRT

i1 J100AMip) f—————





media/file24.png
' L

10°

150

L |
o o o o
S © [te]

(gp) spnyubepy

0
=100
-90

Q
o

(6op) aseyd

270

10? 10° 104 10°

Frequency (rad/s)

10'

107"





media/file29.jpg
EHEs 2
LlsaEEs
€
& ¢
g L
[ <
)
H
gEgv-s8®m 8 8 § &
(ap) epmyubeny '(Bop) oseug

10* 10° 10° 107
Frequency (rad/s)

10°

10?





media/file1.jpg
DCGrd

Unit

PV MVDC Grid-connected System

10K

=






media/file12.png
i, i, Lo
" T4V
AD; &D; [
i ‘tre |-
1:n
AD, &Dy
v






media/file9.jpg
nM
= e NN
5 & 8 B

Voltage gail
“»

——KLIk=0.0125
~——KLIk=0.025
~——KLIk=0.05

Buck mode

01 02 03

0.4

05
Duty D

0.6

0.7

Boost mode

0.8

0.9





media/file42.png
Effciency (%)

«+ @+« Vin=600V Vo=5kV

«++@++ Vin=720V Vo=5kV
«+ @+ Vin=800V Vo=5kV
e Vin=800V Vo=2.5kV

s 10 15 20 25 30 35 40 a5 50
Output Power (kW)





media/file47.jpg
4ousesi

iinonii

7 Active damping inserted

(a) PI to active damping control





media/file38.png





media/file17.jpg
Lot

dls)

Gi(s)

Gils)






media/file30.png
9
>

Bode Diagram
T

Magnitude (dB)
o 8 (—nl [=
o O O O C

S &
S g
T

|
|
i
1
1
|
]
BN

B

Lo=10mH
Co=1uF

R=15!
Lin=75uH
Vin=70!

oo
oC

@
@

Phase (deg)
>
(=]

10° 10*
Frequency (rad/s)

108





media/file51.jpg
v, [5KV/div] e e

., [5A/div]

i lSﬂA/ ]

vy [1KV/div]

Vi [500V/div]

Tin [30ATdi0] +“"“+ [10.1‘5/7.%]_

(a) PI control

v, [5kV/div]

fol28/ic]

I iA/d,i

v,,, [1kV/div]

Vi [500V/dic] .
q in [50A/dio] I (10ms/dio]

(b) Proposed active damping control





media/file57.png
hoadm

Time (s

(a) Grid voltage drops 80%





media/file60.jpg
P

v, [2kV/div)

iy [2A/div]
. iin_[100A/div] [50ms/div]
H i [1K/div]

(b) Detail of the process





media/file35.jpg





media/file27.jpg
vfs)

Gi(s)

+

dts)

sk _ids)

LAY

its)






media/file3.jpg
T
0 3 _J],, 0, 40s|

J =G|V

R ]

(@) IPOS structure for the
converter (b) The proposed isolated buck-boost topology for the modules





media/file22.png
21-M) 5 2-M)y,
20-M) @=Myy,
DR,

MR,
D






media/file19.jpg





media/file58.png
(b) Grid voltage drops 100%





media/file40.png
v, [5kV/div] o

v [1kV/div]
= J —
Ay b by ol Ll
= Ve IKVIdiv]
,\ /
] W
Lk [200A/d1v] [10ps/div]

(a) Boost mode (V;, =450V, V, =5kV)
. vo[5kV/div] R ]

. Vin [1kV/div]

Wm/

" i [200A/div]

(10 ps/div]
(b) Boost mode (V;, =600V, 1, =5KkV)

PO I
v,[5kV/div]
Vin [200V/div]

ENEEIREDED
NN N W

i [200A/div]

[10 us/div)
(c) Boost mode (Vi =800V, V, =5KkV)
Vi [500 V/div]
v, [1kV/div]
/’/ \ /,///‘: v,,’//’..‘ J//’{ ///(/l
S i [100 Avdi] et R ] e
kL__f Lfmu
Vqc [500 V/dxv] [10 ps/dlv]

(d) Buck mode (V;, =500V, V, = 2.5kV)





media/file33.jpg
Modulation

Current control loop

Vi,
i
Voltage control loop.

MPPT

i
o

Gi(s) —0,

—
Lorefmar






media/file32.png
Bode Diagram

Lo=10mH

&9 Co=1uF

) =150
e 0 Lin=75uH
§ -50 Vin=700
£ Kp=0.002
2100 - Ki=0.001

A&

a

S
T

.
o8
ocC

-135

Phase (deg)
»
o
T

B

270

10° 10 10?

L L L

10° 10° 107

10° 10*
Frequency (rad/s)





media/file14.png
ix(s)

vi(s)

(a) LC filter

(b) LCR filter





media/file49.png
bomrawd
&

Active dampihg inserted ¥ I

oB882888

8

Time (3)

(a) PI to active damping control





media/file41.jpg
Effciency (%)

100

-+ Vin-600V Vo-5kV
-+ Vin720V Vo-5kV

-+ Vine800V Vou5kV
o Vin=800V Vo-2 5KV
s 10 15 20 25 3% 3% 4 45 S0

Output Power (kW)





media/file37.jpg





media/file46.png
inserted

Time ()

(a) PI to active damping control

I”‘ilh‘llltllll Ik

""M"HH'MH

} tod
& nsertea

004

Time (3)

00%

(b) Detail of the waveform





media/file45.jpg
(b) Detail of the waveform





media/file16.png
100 -

Magnitude (dB)
L=

S &
8 8
-

o
>C

Phase (deg)
o A
o o

@
@
T

10?

10°

10* 10°
Frequency (rad/s)

10°





media/file20.png
T

DR






media/file50.png
Pl | Active damping inserted

(b) Detail of the waveform





media/file5.jpg
Lin
o, Hle, Hlo
=6 Q oy
-‘— C —E}Q; _130‘
D, fla, Hle
ke tha, L

*
5

(b) Buck mode

4D; 4Ds
=,
4D; 4D,
4AD; 4Ds
=,
AD; 4D






media/file31.jpg
10!

10

10° 10°
Frequency (rads)

10°

10°

107





media/file25.jpg
I dls)

Gi(s) P Guls) MLos l‘i

r H
(a) Current control loop with damping
vils)
4 ds) i5), _ids) g i
Gs) Guls) M s 55
R/Gu(s)Los

(b) Current loop with output capacitor current feedback





media/file0.png





media/file8.png
Q
w
>
~» v
Q
W
vV *ty Tty +y

~Y o~

~

fuin t e >
Viiph {
Vin
X v
VCZ_V/'n “a
i AW—A—\ -
LIK >
t Ve, -Vo/N
VA c2
VU%I ~(Ve2-Vo/N) ;
(Vea- Vo/N) >
_V,/N t -V./N
ty t; Lty ty tste t7 tg o to ti b t3 tats s
(b) Buck mode

(a) Boost mode





media/file64.png
Ve [1KV/div]

o’
- | v, [5kV/dio] /

vy [1K/div]

iy [50A/div]  \ iin [100A/div] /-

[1s/div]

(a) The process of LVRT

*nu vvvvvvvv
Evorywhoroyouloox
11 If
A it

| .@&,W ||‘ IIJ‘ |

R
Ve [1kV/div]
v

Lo [SA/dic] \\
kV/di
[1k/dio] vy [5kV/div]

P

[50ms/div]

WH\M i W)\MWI”&WW ’M\M\m\ A

(b) Detail of the pro





media/file43.jpg
N
o oo oy

Step-down made Step-up mode

o l1000Vids)

(s00meitio]

(a) Experiment result of voltage gain of the de-de module

50
s
o
3
0
»

Voltage ratio

2
15
10

50 S50 60 60 700 7% 80
Inputvoltage (V)

(b) Voltage gain range of the converter





media/file34.png
Module 1

Module 2
Module N , ,= |5 () g

I 4
Vin t\ = Co?\"

Vin

Lin Output Lo

AAAAA

v feedback

1R Lin/LoVin

Voltage control loop Lorefmax






