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1. Introduction 

Sunlight represents the largest renewable energy 

source on the planet, and there are two primary 

methods of harnessing this energy [1,2]: direct 

utilization of sunlight and its conversion into 

electricity through photovoltaic cells, as well as the 

 

A B S T R A C T 

One way to increase the voltage gain and reduce the voltage stress on the switch is by 

utilizing coupled inductors. However, a major drawback of this technique is the 

occurrence of voltage spikes on the switch, which are caused by the discharge of 

energy from the leakage inductance. 

This paper proposes a zero current switching step-up converter to mitigate the voltage 

stress on the switch resulting from the high voltage gain of the converter. This enables 

the utilization of switches with lower drain-source resistance, leading to a more 

affordable price. The converter's auxiliary circuit requires minimal elements and does 

not require an additional switch, resulting in a straightforward control circuit. Another 

advantage of the converter is the transfer of energy from the auxiliary circuit to the 

output. Various operation modes of the proposed step-up converter have been 

investigated, and the converter's behavior has been simulated using PSpice software. 

To validate the accuracy of the analysis and simulation results, an 80W prototype has 

been implemented. 
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direct conversion of solar energy into other forms of 

energy [3,4]. 

One of the predominant approaches for utilizing 

solar energy is through the use of photovoltaic (PV) 

systems [5,6]. Employing these systems aids in 

environmental preservation, as photovoltaic 

electricity production has minimal detrimental 

effects on nature. In contrast to non-renewable and 

limited fossil fuels, solar energy stands as an 

unlimited and renewable resource [7,8]. 

However, photovoltaic cells often produce 

relatively low output voltages, necessitating the 

connection of multiple cells in series to achieve 

higher voltages [9,10]. Unfortunately, due to cell 

inconsistency and slight parameter variations, the 

overall power output of PV arrays is significantly 

diminished [11,12]. Alternatively, the parallel 

arrangement of PV cells exhibits greater efficiency 

than the series configuration. Nevertheless, the 

parallel structure generates lower voltages, ensuring 

the safety of electrical equipment in residential 

applications [13,14]. By combining solar cells in 

both series and parallel connections, a hybrid 

structure can be attained, which yields higher 

currents and voltages [15,16]. 

As the adoption of PV systems expands, it is 

crucial to address the impact on distribution network 

protection to prevent undesirable load shedding, grid 

equipment damage, and reduced reliability [17,18]. 

 

1.1. Literature review 

So far, various studies have been conducted in 

the field of photovoltaic systems [1,2]. The effect of 

these types of systems has been investigated in 

different combinations and various methods have 

been presented to increase the benefit and control it 

[3,4]. 

Photovoltaic system control is presented as a 

distributed static compensator (DSTATCOM), with 

active current control and feedforward control loop 

in [5], where the PV system is independently 

converted to a DSTATCOM. It can provide ancillary 

services such as source current harmonic suppress-

ion, load reactive current compensation and power 

factor correction. 

Power variations of a photovoltaic power plant 

on the frequency response of an islanded microgrid 

are investigated in [6], where the results show that 

the over-frequency phenomenon can be controlled 

by adjusting the PV inverters to achieve better 

reliability of the microgrid. 

The application of a dynamic voltage restorer to 

enhance the power quality and improve the low 

voltage ride through capability of a three-phase 

medium-voltage network connected to a hybrid dist-

ribution generation system is proposed [7], which 

the photovoltaic plant and the wind turbine generator 

are connected to the same point of common coupling 

with a sensitive load. 

A multi-objective approach for daily scheduling 

of microgrids contributing to higher penetration of 

photovoltaics is studied in [8], in which the existing 

control devices including distributed static synchro-

nous compensator and under-load tap changer are 

integrated in volt/var control process. 

The proposed approach in [9] is presented for the 

design of the boost converter for maximum power 

point tracking (MPPT), where the design is done 

according to the parameters of the PV module. The 

PV model is a single diode, and the hill-climbing 

MPPT algorithm using Simulink in MATLAB 

environment is used for simulation. 

Mirtalaee and Amani-Nafchi [10], studied a DC-

DC converter with a power of 200 watts and a high 

voltage gain is presented, which converts the output 

voltage of one to several solar cells that have a low 

DC voltage level to a higher and suitable DC 

voltage. Therefore, a non-isolated boost converter 

with coupled inductor is provided, and by reducing 

switching losses and conduction losses, it is tried to 

increase the efficiency of the converter. 

A non-isolated step-up dc-dc converter with dual 

coupled inductors suitable for distributed generation 

applications is presented in [11], whereby impleme-

nting an input parallel connection in the proposed 

converter structure, the common input current will 

have low ripple. and therefore, a small capacitor 

filter is needed at the input. Also, active clamp 

circuits with a common snubber capacitor for the 

main switches are used in the proposed converter. 

 

1.2. Main study and innovation 

As stated, the output voltage of photovoltaic 

systems is low, and boost dc-dc converters with high 

gain and efficiency are needed to convert the low 

voltage of photovoltaic cells to the high voltage 

required by the grid [12,13]. 

In the proposed step-up converter, in addition to 

providing zero current switching, the voltage stress 

on the switches is also reduced due to the high 

voltage gain of the converter, and as a result, 

switches with lower drain-source resistance and 

cheaper prices can be used. The auxiliary circuit of 

the converter also has minimal elements, and there is 

no additional switch, so the control circuit of the 

converter is very simple. Another feature of the 

converter is the transfer of auxiliary circuit energy to 

the output. On the other hand, the input current 
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ripple is very low, which makes it suitable for 

photovoltaic applications. Briefly, the features of the 

proposed converter can be stated as follows: 

- High voltage gain 

- Low input current ripple 

- The zero current switching of the switch when it is 

turned on 

- The zero voltage switching condition for the switch 

when it is turned off 

- Not using an additional switch 

- Absence of reverse recovery problem in circuit 

diodes 

- Low voltage stress on the switch 

 

1.3. Paper organization and structure 

In section 2, the proposed converter circuit is 

described along with its operation in different 

situations. Also, voltage gain and stress have been 

investigated in this section and auxiliary circuit 

design has been described. In section 3, the 

simulation results of the converter using PSpice 

software are introduced. Also, the gain of the 

converter is compared with the hard switching 

mode. To show the correctness of the converter 

design, the practical results are shown in section 4, 

which confirms the correctness of the converter 

operation. Finally, the conclusions and suggestions 

for further research are given in section 5. 

2. Proposed Second Order Boost Converter 

The schematic of the proposed second-order 

step-up converter is shown in Fig. 1. To increase the 

gain, L2-L3 coupled inductor and capacitor C are 

used, and to create soft switching conditions, Lr1-Lr2 

resonant coupled inductors, Cr capacitor and Da 

auxiliary diode are employed. In fact, the inductor 

Lr1 provides zero current conditions for turning on 

the switch S and capacitor Cr provides zero voltage 

conditions for turning off the switch. Diodes D1, D2, 

Do, switch S, and capacitor Co are also the main 

elements of the circuit. The inductor L1 at the input 

also reduces the ripple of the input current in the 

converter. 

 

L1 D1

D2

L2 L3

* *

Vin C

Lr1 Lr2

Cr

S Da

Do

Co Ro

Lm

 

Figure 1. Schematic of the proposed boost converter 

2.1. Converter performance statuses 

  The second-order boost converter has 6 

operating states in one switching cycle. Fig. 2 shows 

the main waveforms of the converter. 

For simplicity of analysis, the voltage of 

capacitors Co and C is assumed to be constant in one 

switching cycle because the value of these capacitors 

is large. Also, due to the large inductors L1 and Lm, 

the input current and magnetizing current are assum-

ed to be constant. Before the first mode, the 

converter switch is off and diodes D1 and Do are on 

and energy is transferred from the input to the 

output. 

Fig. 3 shows the six operation modes of the 

proposed converter in different time intervals. In this 

section, the converter performance in different 

situations is briefly reviewed. 

(a) First situation (t0<t<t1): In this case, the switch S 

is turned on and due to the series inductor Lr1 with it, 

its current increases linearly, because the constant 

output voltage drops on L3 and Lr1 and ZCS 

condition is provided for switch S. Also, the current 

of D1 is reduced and the current of D2 is increased, 

until finally the current of D1 is transferred to D2. 

When the current S reaches the ILm value, this state 

ends. 

3
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(b) Second situation (t1<t<t2): When the switch 

current reaches ILm, the output diode Do is turned off 

under the ZC condition, and this state begins. A 

resonance of Lr1 and Cr has occurred and the Cr 

capacitor is discharged. On the other hand, when 

diode D2 is turned on, the current of the switch 

becomes equal to the current of Iin+ILm. 
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Figure 2. Main waveforms of the boost converter 
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(a) First state (t0<t<t1) 
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(b) Second state (t1<t<t2) 
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(c) Third situation (t2<t<t3) 
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(d) Fourth situation (t3<t<t4) 
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(e) Fifth situation (t4<t<t5) 
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* *
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Do
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(f) Sixth situation (t5<t<t6) 

Figure 3. The operation modes of the proposed 

converter at different intervals 

 

    (c)Third situation: In this interval, the switch 

current is constant, equal to the sum of the input 

current and the magnetizing current, and diodes Do 

and D1 are off. Capacitor C charges the magnetizing 

inductor, and the load current is supplied by the 

output capacitor. This situation ends when switch S 

is turned off. 

(d) Fourth situation: As the auxiliary diode turns 

off, Da is turned on and the energy of Lr1 is 

transferred to Lr2. Also, the capacitor Cr is charged 

by the inductor L3 and auxiliary inductor Lr2. 

Therefore, the switch turns off as ZV. In this 

interval, the current of D2 is transferred to D1. 

(e) Fifth situation: In this situation, D1 is on and 

D2 is off. The input current has charged the capacitor 

C, and the inductor Lm is transferred to the output 

through L3 and the output diode Do. It should be 

mentioned that the Do diode conducts as ZV due to 

the presence of the Cr capacitor. The voltage of Cr 

capacitor is also clamped at Vo level in this situation. 

(f) Sixth situation: When the energy of Lr2 is exh-

austed, the diode Da is turned off, and the voltage 

across the switch decreases. In this situation, the 

auxiliary circuit is completely removed from the 

converter, and the energy of the magnetizing indu-

ctor is discharged at the output. This situation ends 

when the switch is turned on. 

 

2.2. Converter gain 

To calculate the voltage-gain of the converter, first 

the volt-second balance is considered for the input 

inductor, and then KVL is expressed in the output 

loop, to obtain the gain of the converter. 

 

2.3. Switch and diode voltage stress 

The voltage stress of semiconductor elements is 

obtained by writing KVL in the loop of the element 

when it is off. 
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Fig. 4 shows the voltage gain with various duty 

cycle. As it is clear from Figure 4, the voltage-gain, 

up to the duty cycle of 0.7 has an almost linear 

behaviour and from the duty factor of 0.5 to 0.7, the 

voltage gain becomes four times. Therefore, the 

dynamic behaviour of the converter is suitable. Fig. 

5 shows the normalized voltage stress of semicondu-

ctor elements in terms of duty cycle changes where 

turn ratio is one. As it can be seen from the menti-

oned figure, with the increase of the duty cycle, the 
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voltage stress of all the elements has decreased, 

therefore, increasing both duty cycle and turn ratio 

can decrease the voltage stress of the elements, 

which is an advantage compared to other converters. 

 

 
Figure 4. Proposed converter gain versus duty cycle 

variations 

 
Figure 5. The normalized voltage stress of the 

proposed converter semiconductor elements versus  

the duty cycle variations 

 

2.4. Design of auxiliary circuit elements 

If tf is the current falling time, Isw is the switch 

current before turning off and Vsw is the switch 

voltage after turning off, the snubber capacitor relat-

ionship according to (5) is used to design the Cr 

capacitor.  

  sw f
r r min

sw

I t
C C

Z V
          (5) 

To design the Lr1 inductor, the snubber inductor 

relationship according to (6), where tr is the rise time 

of the current, is used. 

1   sw r
r r min

sw

V t
L L

I
          (6) 

The value of the inductor Lr1 is obtained from 

(7), where m is the coupling factor of the auxiliary 

coupled inductors. The larger m causes the lower the 

voltage stress of the switch, but the voltage stress of 

the auxiliary diode increases. 
2

2 1r rL m L            (7) 

3. Simulation Results 

3.1. Converter circuit in PSPICE software 

The proposed step-up converter is designed and 

simulated by PSPICE software to confirm the 

theoretical analysis. The circuit schematic of the 

simulated converter is shown in Fig. 5. The 

specifications of the converter elements are given in 

Tables 1 and 2. The design of the converter is done 

with an input voltage of 40V and an output voltage 

of 400V under a switching frequency of 100 kHz. 
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Figure 6. Schematic of the proposed converter 

simulated in PSPICE 

 

Table 1. Important characteristics of the proposed 

converter 

Parameter Symbol Specifications 

Main switch S IRF740 

Circuit diodes D1, D2, Da, Do MUR860 

 

Table 2. Values of the design elements of the 

proposed converter 

Parameter Symbol Value 

Input voltage Vin 40 V 

Output voltage Vout 400 V 

Conversion ratio of 

inductors n ; m 1:2 

Output power Pout 80 W 

Switching frequency fsw 100 kHz 

Capacitor C 10 μF 

Output capacitor Co 47 μF 

Snubber capacitor Cr 4 nF 

 

3.2. Voltage and current are important elements 

Fig. 6 shows the gate-source voltage of the 

switch S. The drain-source voltage waveform and 

(-) 

(-
) 

(-) 

(-
) 
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the switch current are shown in Fig. 7, according to 

which and in accordance with the theoretical results 

and due to the presence of the series inductor, the 

switch current of the converter has increased with a 

slope and the switching on of the switch is ZCS. 

Also, the voltage of the switch at the turn off 

instance is also increased by slope due to the 

presence of the snubber capacitor, and the ZVS 

conditions are available for the switch at turn off 

instances. As it is clear from Figure 4, the slope of 

the switch current is due to the input inductor. The 

larger value of this inductor, causes the lower slope. 

Also, the voltage ringings on the switch are due to 

the resonance of the parasitic capacitor of the switch 

with the leakage inductor of the coupled inductors. 

           Time

18.900ms18.899ms 18.909ms

V(V2:+)

0V

-8V

16V

 
Figure 7. The gate-source waveforms of switch S 

(4V/div, 1µs/div) 

           Time

18.900ms18.899ms 18.909ms

ID(M1) V(L4:1)/25 W(R1) V(Do:2)

0

-4

16

 

Figure 8. Simulation waveforms of drain-source 

voltage (red) and current (green) of switch S 

(4A/div, 100V/div, 1µs/div) 

 

Fig. 8 shows the current waveform of diodes D1 

and D2, according to which diodes D1 and D2 are 

turned on and off under ZCS conditions. The current 

of Da and Do diodes are shown in Figs. 9 and 10 

respectively. It can be seen that the switching on and 

off of the Da diode was in ZCS condition, and the 

Do diode was also switched off in ZCS condition 

because the current has slope. So diodes do not have 

reverse recovery problem. Therefore, the 

semiconductor elements of the proposed converter 

are switched on and off under soft switching 

conditions. 

 

           Time

18.900ms18.899ms 18.909ms

I(D2)+8 I(D1)

0A

-4A

16A

 

Figure 9. D1 (top) and D2 (bottom) diode current 

simulation waveforms (4A/div, 1µs/div) 
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Figure 10. The current simulation waveform of Da 

(4A/div, 1µs/div) 

 

           Time

18.900ms18.899ms 18.909ms

I(Do)

0A

-4A

16A

 

Figure 11. The current simulation waveform of Do 

(4A/div, 1µs/div) 

 

3.3. Converter efficiency 

To investigate the advantages of the proposed 

converter, the converter efficiency and the hard 

switching counterpart have been measured. The 

efficiency diagram of the proposed converter under a 

20 W light load to a full load of 80 W is shown in 

Fig. 11. As can be seen, the efficiency of the 

proposed converter is 95.50% at full load, which is 

increased by 5% compared to the hard switching 

counterpart. 

 

 
Figure 12. Comparing the efficiency of the proposed 

converter and the hard switched counterpart 

4. Experimental Results 

In this section, a prototype of the proposed 

converter is implemented to prove the simulation 

results. Fig. 12 shows the implemented converter. 

Fig. 13 shows the practical waveforms of the switch 

and converter diodes. As can be seen, the practical 

results confirm the simulation results. 

In Fig (14-a), the slope of the current and voltage 

at the time of switch on and off shows the ZC and 

ZV conditions for turning on and off respectively. 
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On the other hand, according to Fig. (14-b), the 

current of circuit diodes also decreases with a slope, 

which indicates the ZC condition when they are 

turned off. In Figure 14c, the current slope of D1 and 

D2 diodes is greater than the simulation results, 

which is due to the parasitic inductance of the 

diodes. 

 

 
Figure 13. View of the converter made in the 

laboratory 

 

 
(a) Switch voltage (bottom) and current (up) (5A/div, 100V/div, 

1µs/div) 

 

 
(b) The current of diodes Do(bottom) and Da(up) (4A/div, 1µs/div) 

 
(c) The current of diodes D1 (up) and D2 (bottom) (4A/div, 

1µs/div) 

Figure 14. The measured waveforms of the proposed 

converter showed by the oscilloscope 

 
5. Comparison of the proposed converter with 

previous similar converters 

Table 3 has been prepared in order to compare the 

proposed converter with other high step-up 

converters.  As it is clear from the table, the voltage 

gain of the proposed converter is greater than 

converters [21] and [25]. Also, the number of 

elements of the proposed converter is less than 

converter [21]. The switching conditions in the 

converters [21-25] are hard switching which causes 

a significant increase in power losses.

Table 3. Comparison of the proposed converter with previous similar converters 

Voltage stress Voltage gain Switching 

condition 

Switching 

frequency 

(kHz) 
converter 

  
Hard 40 [21] 

  
Hard 100 [22] 
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Hard 50 [25] 

  
Soft 100 Proposed 

converter 
 

 
Also, due to the low frequency of the converters [21] 

and [25], the volume of passive elements of the 

converter is increased and causing an increase in 

volume and decrease in the power density of the 

converters. 

 
6. Conclusions 

Considering the low output voltage of solar cells, 

the utilization of step-up converters becomes 

necessary to elevate the voltage to the appropriate 

level required by grid inverters. Various voltage 

increasing techniques, such as switched capacitors, 

coupled inductors, diode-capacitor multipliers, or 

their combinations, are commonly employed. These 

methods offer a solution to the high duty cycle 

problem encountered in conventional boost 

converters. While using a coupled inductor is a 

common approach to achieve high conversion ratios, 

it leads to voltage spikes across the switch due to the 

energy of the resulting leakage inductor. Moreover, 

converters based on coupled inductors are unsuitable 

for photovoltaic systems connected to the grid due to 

the pulse input current, which reduces cell lifespan 

and poses challenges in tracking the maximum 

power point. On the other hand, voltage multiplier 

circuits like diode capacitor multipliers are suitable 

for low-power renewable energy applications, as 

they are cost-effective, lack transformers, provide 

high voltage conversion ratios, and impose low 

voltage stress. 

Isolated converters employ transformers to 

enhance voltage conversion. However, the presence 

of transformers increases weight, volume, losses, 

and ripple in the input current. Consequently, if 

isolation is not required, non-isolated converters are 

more suitable for photovoltaic systems. 

Additionally, soft switching is of great importance 

as it enables higher switching frequencies, reduces 

circuit size and weight, and minimizes losses. 

This paper proposes a second-order step-up 

converter that operates with the switch turning on at 

zero current condition and transfers snubber energy 

to the output. As a result, auxiliary circuit losses are 

minimal and do not adversely affect efficiency. 

Furthermore, the absence of an additional switch 

simplifies the control circuit, and since the source 

switch is grounded, isolation is not necessary for the 

drive circuit. Notable features of the proposed 

converter include zero current switching of the main 

switch during turn-on and zero voltage switching 

when turned off. Moreover, it eliminates the need 

for an additional switch, exhibits low input current 

ripple, and avoids reverse recovery issues in circuit 

diodes. The converter achieves high voltage gain 

while maintaining low voltage stress on the switch. 

Further research is recommended to model the 

converter, design an optimal control circuit, evaluate 

the reduction of voltage stress on the output diode, 

eliminate the coupling inductor in the auxiliary 

circuit, and address capacitive turn-on losses in the 

converter switch. 

 

Nomenclature 

C Capacitor 

Cr Snubber capacitor 

Co Output capacitor 

D1, D2, Da, Do Circuit diodes 

fsw Switching frequency 

ILm Magnetizing inductor current 

Isw Switch current 

Lr1, Lr2 Resonant inductors 

Lm Magnetizing inductance 

n ; m Turn ratios of coupled inductor 

Pout Output power 

Vout Output voltage 

tf the current falling time 

tr                          the current rising time 

Vsw Switch voltage 

Vin Input voltage 

VD1, VD2 Diode voltage of D1 and D2 
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