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Abstract - A family of non-isolated high-voltage-gain dc-

dc power electronic converters is proposed. The suggested 

topologies can be used as multiport converters and draw 

continuous current from two input sources. They can also 

draw continuous current from a single source in an 

interleaved manner. This versatility makes them 

appealing in renewable applications such as solar farms. 

The proposed converters can easily achieve a gain of 20 

while benefiting from a continuous input current. Such a 

converter can individually link a PV panel to a 400-Vdc 

bus. The design and component selection procedures are 

presented. A 400-W prototype of the proposed converter 

with Vin=20 V and Vout=400 V has been developed to 

validate analytical results. 

 

I. INTRODUCTION 

With increased penetration of renewable energy sources 

and energy storage, high voltage gain dc-dc power electronic 

converters find increased applications in green energy 

systems. They can be used to interface low voltage sources 

like fuel cells, photovoltaic (PV) panels, batteries, etc., to the 

400-V bus in a dc microgrid system (shown in Fig. 1) [1-3]. 

They also find applications in different types of electronic 

equipment such as high-intensity-discharge (HID) lamps for 

automobile headlamps, servo-motor drives, X-ray power 

generators, computer periphery power supplies, and 

uninterruptible power supplies (UPS) [4]. 

To achieve high voltage gains, classical boost and buck-boost 

converters require large switch duty ratios. Large duty cycles 

result in high current stress in the boost switch. The maximum 

voltage gain that can be achieved is constrained by the 

parasitic resistive components in the circuit and the efficiency 

is drastically reduced for large duty ratios. There are diode 

reverse recovery problems because the diode conducts for a 

short period of time. Also, larger ripples on the high input 

current and output voltage would further degrade the 

efficiency of the converter [5]. Typically high frequency 

transformers or coupled inductors are used to achieve high 

voltage conversion ratios [6-15]. The transformer design is 
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Fig. 1. High voltage gain dc-dc converter in dc-microgrid system. 

 

complicated and the leakage inductances increase for 

achieving larger gains, as it requires higher number of 

winding turns. This leads to voltage spikes across the 

switches and voltage clamping techniques are required to 

limit voltage stresses on the switches. Consequently, it makes 

the design more complicated. 

To achieve high voltage conversion ratios, a new family of 

high voltage gain dc-dc power electronic converters has been 

introduced. The proposed converter can be used to draw 

power from two independent dc sources as a multiport 

converter [16, 17] or one source in an interleaved manner. 

They draw continuous input current from both the input 

sources with low current ripple which is required in many 

applications, e.g., solar. Several diode-capacitor stages are 

cascaded together to boost up the voltage which limits the 

voltage stresses on the switches, diodes and capacitors. Due 

to the advantages listed above, these converters are good 

solutions to integrate solar panels into a dc microgrid. In 

conventional approaches as the output voltage of PV panel is 

low, several panels are connected in series when connecting 

the PV array to the 400-Vdc bus through conventional step-up 

converters. This results in reduced system reliability which 

can be addressed by connecting high voltage gain converter to 

each individual PV panel. Moreover, since it is a multi-port 

converter with a high voltage gain, independent sources can 

be connected and power sharing, MPPT algorithms etc. can 

be implemented independently at each input port. 

Similar converters with interleaved boost input have been 

proposed earlier using the Cockcroft-Walton (CW) voltage 

multiplier [18, 19]. Current fed converters are superior in 

comparison to the voltage fed counterparts as they have lower 

input current ripple [19]. The limitation with the CW based 

converters is that the output impedance increases rapidly with 

the number of multiplying stages [20]. The efficiency and the 

output voltage regulation of these converters depend on the 

output impedance, thus for high gains the converter efficiency 

would be affected. 
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Fig. 2. Proposed high voltage gain dc-dc converter with four VM stages. 
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Fig. 3. Switching signals for the input boost stage for the proposed 

converter. 

 

In this paper, a topology is proposed which can easily 

achieve a gain of 20 while benefiting from a continuous input 

current. Such a converter can individually link a PV panel to 

a 400-Vdc bus. In Section II, the proposed converter topology 

is introduced and different modes of operation are explained. 

In Section III, the voltage gain of the converter is derived and 

an alternative topology is also explained. In Section IV, 

current and voltage stresses required for component selection 

and loss calculations along with simulation results are 

provided. In Section V, experimental results for the prototype 

converter are provided and Section VI concludes the paper. 

 

II. TOPOLOGY INTRODUCTION AND MODES OF OPERATION 

The proposed converter is inspired from a Dickson charge 

pump [20]. Diode-capacitor voltage multiplier (VM) stages 

are integrated with two boost stages at the input. The VM 

stages are used to help the boost stage achieve a higher 

overall voltage gain. The voltage conversion ratio depends on 

the number of VM stages and the switch duty ratios of the 

input boost stages. Fig. 2 shows the proposed converter with 

four VM stages. For simplicity and better understanding, the 

operation of the converter with four multiplier stages has been 

explained here. Similar analysis can be expanded for a 

converter with N stages. 

For normal operation of the proposed converter, there 

should be some overlapping time when both the switches are 

ON and also one of the switches should be ON at any given  
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Fig. 4. Mode-I of operation for the proposed converter with four VM stages. 
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Fig. 5. Mode-II of operation for the proposed converter with four VM stages. 

 

time (as shown in Fig. 3). Therefore, the converter has three 

modes of operation.  The proposed converter can operate 

when the switch duty ratios are small and there is no overlap 

time between the conduction of the switches. However, this 

mode of operation is not of interest as it leads to smaller 

voltage gains. 

 

A. Mode-I: 

In this mode both switches S1 and S2 are ON. Both the 

inductors are charged from their input sources Vin1 and Vin2. 

The current in both the inductors rise linearly. The diodes in 

different VM stages are reverse biased and do not conduct. 

The VM capacitor voltages remain unchanged and the output 

diode Dout is reverse biased (as shown in Fig. 4), thus the load 

is supplied by the output capacitor Cout. 

 

B. Mode-II: 

In this mode switch S1 is OFF and S2 is ON (shown in Fig. 5). 

All the odd numbered diodes are forward biased and the 

inductor current IL1 flows through the VM capacitors charging 

the odd numbered capacitors (C1, C3, …) and discharging the 

even numbered capacitors (C2, C4, …). If the number of VM 

stages is odd, then the output diode Dout is reverse biased and 

the load is supplied by the output capacitor. However, if the 

number of VM stages is even, then the output diode is 

forward biased charging the output capacitor and supplying 

the load. In the particular case considered here, since there  
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Fig. 6. Mode-III of operation for the proposed converter with four VM 

stages. 

 

are four VM stages, the output diode is forward biased. 

 

C. Mode-III: 

In this mode switch S1 is ON and S2 is OFF (shown in Fig. 

6). Now the even numbered diodes are forward biased and the 

inductor current IL2 flows through the VM capacitors charging 

the even numbered capacitors and discharging the odd 

numbered capacitors. If the number of VM stages is odd, then 

the output diode Dout is forward biased charging the output 

capacitor and supplying the load. However, if the number of 

VM stages is even, then the output diode is reverse biased and 

the load is supplied by the output capacitor. 

 

III. VOLTAGE GAIN OF THE CONVERTER 

The charge is transferred progressively from input to the 

output by charging the VM stage capacitors. For a converter 

with four stages of VM (shown in Fig. 2), the voltage gain can 

be derived from the volt-sec balance of the boost inductors. 

For L1 one can write 

01 Lv  (1) 

Therefore from Fig. 5, it can be observed that the capacitor 

voltages can be written in terms of upper boost switching 

node voltage as 
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V
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where d1 is the switching duty cycle for S1. 

Similarly, from the volt-sec balance of the lower leg boost 

inductor L2, one can write the capacitor voltages (shown in 

Fig. 6) in terms of lower boost switching node voltage as 
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where d2 is the switching duty cycle for S2. 

From (2) and (3), the capacitor voltages for the proposed 

converter with four VM stages can be derived as 
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The output voltage is derived from (2), which is given by 
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Fig. 7. Proposed converter with N number of VM stages. 
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(5) 

Similar analysis can be extended to a converter with N 

number of VM stages (shown in Fig. 7). Thus the VM stage 

capacitor voltages are given by 
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(6) 

The output voltage equation of the converter with N 

number of VM stages depends on whether N is odd or even 

and is given by 
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           if N is even 
(8) 

When the converter operates in an interleaved manner with 

single input source, if d1 and d2 are also chosen to be 

identical, i.e., d1 = d2 = d, then the output voltage is given by 

 d

V
NV in

out
-

+
1

)1(  (9) 

In [21], an interleaved boost power factor corrected 

converter with voltage-doubler characteristics is introduced. It 
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can be observed that it is a special case of the proposed 

converter with a single VM stage (N = 1). 

It is worth noting that there is an alternative to the proposed 

converter (shown in Fig. 8) where diode D1 of the first VM 

stage is connected to the lower boost switching node and 

capacitor C1 is connected to the upper boost switching node 

(compare with Fig. 7). 

The output voltage equation for this alternative topology is 

given by 
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Fig. 8. Alternative to the proposed converter with N number of VM stages. 
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Fig. 9. Combined topology with single VM stage. 
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For N = 1, if one combines the topology depicted in Fig. 7 

with its alternative (see Fig. 8), then the resulting converter in 

Fig. 9 is similar to the multiphase converter introduced in 

[22]. 

In general, when both topologies with N number of VM 

stages are combined, then the resulting converter is shown in 

Fig. 10. When N is odd, then from (7) and (10), the voltage 

gain of the combined topology is given by 
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In this case, the original topology and its alternative each 

process half of the output power. In other words, the average 

currents of Dout1 and Dout2 are equal. 

When N is even, the output voltage of the combined 

topology would be either (8) or (11) and will be dictated by 

the topology that provides a higher output voltage. Both legs 

(shown in Fig. 10) would compete with each other and only 

one of the output diodes (Dout1 and Dout2) would process the 

entire power while the other will be reverse biased. When N is  
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Fig. 10. Combined topology with N number of VM stages. 

 

even, putting the converters in parallel only makes sense if 

there is only one source used and d1 = d2. In that case both (8) 

and (11) determine the output voltage to be 
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+
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For the combined topology with a single input source and 

identical duty ratios d1 and d2, i.e., d1 = d2 = d, both the boost 

stages will always have symmetrical inductor and switch 

currents irrespective of the number of VM stages. 

 

IV. COMPONENT SELECTION AND SIMULATION RESULTS 

 

A. Inductor Selection 

The inductor currents in both the boost stages depend on 

the number of VM stages connected to each leg. The average 

inductor current in each boost stage (shown in Fig. 2) is given 

by 
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(15) 

It can be observed from (14) and (15) that for a converter 

with single input source and identical duty ratios d1 and d2, 

when N is odd, then both boost stages have equal average 

inductor currents (shown in Fig. 11(a)). Whereas when N is 

even, then IL1,avg is larger than IL2,avg as observed in Fig. 11(b). 

The inductor design is similar to that of the normal boost 

converter. The inductor value is selected such that both the 
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boost stages operate in continuous conduction mode (CCM). 

The minimum inductor value for the CCM operation of both 

the boost stages is given by 
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Fig. 11(a). Inductors currents for odd number of VM stages. 
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Fig. 11(b). Inductors currents for even number of VM stages. 
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The inductor values selected for the assumed ripple current 

is 
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The peak value of the inductor currents is given by 
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For inductor copper loss calculation, it is important to 

know the rms value of the inductor currents, which can be 

calculated as 
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B. MOSFET Selection 

The peak blocking voltage of both switches is similar to 

that of the normal boost converter (shown in Fig. 2) which is 

given by 
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The current stresses on both the switches depend on the 

number of VM stages. The average current through the 

switches is given by 
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From (26) and (27), for a converter with single input 

source and identical duty ratios d1 and d2, it can be observed 

that when N is odd, the average current through S2 is greater 

than S1 (seen in Fig. 12(a)). When N is even, the average 

current through S1 is greater than S2 (as can be seen in Fig. 

12(b)). Also, the rms values of switch currents required for 

loss calculations are given by 
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Fig. 12(a). Switch current for odd number of VM stages. 
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Fig. 12(b). Switch current for even number of VM stages. 

 

It is observed that there is a distortion and spike in the 

switch current waveforms (as seen in Figs. 12(a), 12(b), and 

13). The spike is observed in IS1 when the number of VM 

stages are odd. However, when the number of VM stages are 

even, the spike is observed in IS2. The spike in switch currents 

is due to the voltage imbalance between VM stage capacitors. 

Fig. 13 shows the switch and diode currents for the converter 

with four VM stages (shown in Fig. 2). The spike in IS2 

appears during mode-II of operation of the converter (see Fig. 

5). Initially diode D3 conducts the total inductor current IL1, 

since vC3-vC2 is less than vC1 and vout-vC4. When vC3-vC2 and 

vout-vC4 are both balanced, then diodes D3 and Dout start 

conducting and share almost equal inductor current IL1/2. 

Diode D1 starts conducting when vC1, vC3-vC2, and vout-vC4 are 

all balanced. During this period diode current ID1 is greater 

than ID3 and IDout since the impedance seen by the current path 

is lower. The ratio between the currents is dependent on the 

values chosen for the VM stage capacitors. Switch current IS2 

during this period is the sum of IL2, ID1, and ID3 and hence 

there is spike and distortion of the switch current. The 

magnitude of spike is equal to the sum of both the inductor 

currents IL1 and IL2. It can be observed that the currents 

exhibit characteristics similar to charging/discharging of an 

RC circuit which is mainly due to the circuit parasitic 

resistances such as switch RDS(on), inductor DCR and VM 

stage capacitor ESR. 
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Fig. 13. Switch and diode currents for the proposed converter with four VM 

stages. 
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Fig. 14. Diode voltages for odd and even number of VM stages. 

 

C. Diode Selection 

The voltage stresses across the diodes depend on the 

capacitor voltages as it is connected between two VM stage 

capacitors (shown in Fig. 2). It can be observed that in mode-

II of operation, when S1 is OFF and S2 is ON, the odd 

numbered diodes are forward biased and even numbered 

diodes are in blocking mode. 

Similarly, the odd numbered diodes are in blocking mode 

in the mode-III of operation, when S1 is ON and S2 is OFF 

(shown in Fig. 14). The maximum blocking voltage of the 

VM stage diodes is given by 

   2

2

1

1

11 d

V

d

V
V inin

Dn
-

+
-

  (30) 

However, the output diode conducts during mode-III of 

operation when there is odd number of VM stages as shown 

in Fig. 15(a) and conducts during mode-II of operation when 

there is even number of VM stages as shown in Fig. 15(b). 

The peak blocking voltage of the output diode is given by 
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As explained earlier, the odd numbered diodes conduct 

during mode-II of operation and the even numbered diodes 

conduct during mode-III of operation. The average and rms  
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Fig. 15(a). Output diode voltage for odd number of VM stages. 
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Fig. 15(b). Output diode voltage for even number of VM stages. 

 

diode currents required for diode selection and loss 

calculation is given by 

outavgDoutavgDevenavgDodd IIII  ,,,
 (33) 

outrmsDodd I
d

I
1

,
1

1

-
  (34) 

 

outrmsDeven I
d
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,
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  (35) 

outrmsDout I
d

I
2

,
1

1

-
        if N is odd (36) 

outrmsDout I
d

I
1

,
1

1

-
        if N is even (37) 

 

V. EXPERIMENTAL RESULTS 

The laboratory prototype with four VM stages and with 

interleaved boost input stage with a single source was built to 

test and validate the proposed converter operation. The 

components used for building the prototype are listed in 

Table I. The converter is rated at 400 W with input voltage of 

20 V and output voltage of 400 V. The switching frequency 

of the converter is 100 kHz. 

The component selection is critical as it determines the 

output voltage regulation and the efficiency of the converter. 

The output capacitor is selected based on the amount of  

 
TABLE I 

COMPONENT LIST FOR THE EXPERIMENTAL PROTOTYPE 
 

Item Reference Rating Part No 

Inductor L1, L2 
100µH 

DCR = 11mΩ 
CTX100-10-52LP 

MOSFET S1, S2 
150V, 43A 

RDS(on) = 7.5mΩ 
IPA075N15N3G 

Diode 
D1, D2, D3, D4, 

Dout 

250V, 40A 

VD = 0.97V 
MBR40250T 

Capacitor C1, C2, C3, C4 
20µF, 450V 

ESR = 2.2mΩ 
C4ATGBW5200A3MJ 

Capacitor Cout 22µF, 450V B32774D4226 

 

charge that is transferred to the output for a desired output 

voltage ripple which is given by 

 d
f

I
VCq

sw

out
outoutout - 1  

(38) 

where d is either d1 or d2 based on whether the number of VM 

stages are even or odd. The same amount of charge qout is 

transferred progressively by the VM stage capacitors. The 

VM stage capacitors for a desired ripple voltage is given by 

 d
f

I
VC

sw

out
Cnn - 1  (39) 

The VM stage capacitors are selected such that the 

equivalent series resistance due to charging/discharging of the 

capacitors is low keeping the total capacitance to reasonable 

levels, thus improving the efficiency and output voltage 

regulation. It is important to select VM stage capacitors with 

low ESR to minimize the losses, for that purpose thin film 

capacitors are selected as they have low ESR values. 

Furthermore, the VM stage capacitors and the output 

capacitor are selected based on the ripple current ratings of 

the capacitors. For the VM stage capacitors, the ripple current 

will be higher, therefore capacitor C4ATGBW5200A3MJ 

(20 µF, 450 V) is selected which has a ripple current rating of 

29 A. Since the output capacitor has lower ripple currents, 

capacitor B32774D4226 (22 µF, 450 V) is selected which has 

a ripple current rating of 9 A. The output voltage gain and 

efficiency also depends on the inductor DCR, forward voltage 

drop of the diode, and the MOSFET RDS(on). 

The losses in the proposed converter can be easily 

calculated based on the average and rms currents calculated in 

the previous section. Fig. 16 shows the loss distribution of the 

proposed converter at 400 W output power. The switching 
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losses in both the MOSFETs are calculated by a commonly 

used formula given by 

2

,
2

1
)(

2

1
SossswonoffSavgLSW VCfttVIP ++  (40) 

where IL,avg, VS, and fsw are the inductor current, switch 

voltage and switching frequency respectively. While ton and 

toff are the MOSFET turn-on and turn-off switching times 

[23]. 
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Fig. 16. Loss distribution of the proposed converter at 400 W output power. 
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Fig. 17. Efficiency of the proposed converter with interleaved input and four 

VM stages. 

 

The power loss associated with the charging/discharging of 

the VM stage capacitors can be calculated by calculating the 

series equivalent resistance [20]. When all the VM stage 

capacitors are assumed to be the same, then the power loss is 

given by 

sw

outC
fC

N
IP


 2  

(41) 

where C is the value of the VM stage capacitors. The total 

power loss in the proposed converter is given by 

CDSWSWSSLLLoss PPPPPPPPP +++++++ 212121
 (42) 

Based on the loss breakdown, the efficiency of the 

proposed converter comes out to be 96.6% at 400 W with 

total power loss being 13.61 W. Compared to this, the 

efficiency of the prototype was measured to be 91.4% at 

400 W. Fig. 17 shows the efficiency of the converter at 

different load levels. Maximum efficiency of 94.24% is 

observed at the output power of 162 W. From (15), the 

average inductor currents IL1,avg and IL2,avg are calculated as 

6.125 A and 4.083 A respectively. Fig. 18 shows the inductor 

current waveforms and the average values measured for IL1 

and IL2 are 6.461 A and 4.210 A respectively. Fig. 18 shows 

the voltage stresses across the switches which can be 

calculated from (24) and (25). The measured peak blocking 

voltage of the switches is 83.5 V. Figs. 20 and 21 show the 

voltages across diodes D4 and Dout respectively. The peak 

blocking voltage of VM stage diodes is given by (30) and is 

measured as 165 V. Similarly the peak blocking voltage of 

the output diode for even number of VM stages is given by 

(32) and is measured as 83.5 V. The measured waveforms 

shown in Figs. 18 to 21 match the simulated waveforms and 

thus validate the operation of the converter. 

 
 

Fig. 18. Inductor current waveforms at 200 W output power. 

 

 
 

Fig. 19. Voltage stresses on the boost switches. 

 

VI. CONCLUSION 

In this paper, a family of novel high voltage gain dc-dc 

converters with two boost stages at the input has been 

proposed. The proposed converter is based on diode-

capacitor VM stages and the voltage gain is increased by 

increasing the number of VM stages. It can draw power from 

two input sources like a multiport converter or operate in an 

interleaved manner when connected to a single source. One of 

the advantages of the proposed converter is that since it is a 

multi-port converter with high voltage gain, it has the 

flexibility to be connected to independent sources while 

allowing power sharing, MPPT algorithms etc. to be 

implemented independently at each input port. Furthermore, 

an alternative topology of the proposed converter has been 

VS2 (25V/div) VS1 (25V/div) 

S2 (5V/div) 

S1 (5V/div) 

S1 (5V/div) 

S2 (5V/div) 

iL2 (2A/div) 
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presented and combining them both would result in a new 

converter topology. The proposed converter can be used for 

solar applications where each panel can be individually linked 

to the 400-Vdc bus. The experimental prototype is built to 

validate the operation of the converter. 

 
 

Fig. 20. Voltage waveform across diode D4. 

 
 

 
 

Fig. 21. Voltage waveform across output diode Dout. 
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