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Abstract— A high step-up two-input DC-DC converter is
presented in this paper. The soft switching condition is provided
for the switches in turn on instant, so the converter efficiency is
high. Due to the fact that only the capacitor is used to increase
the voltage gain and there are no coupled inductors in the
converter, the input current of the converter is continuous. The
technique used to increase gain can be used with more stages to
achieve higher voltage gain. The converter can also be used as a
single input interleaved instead of two inputs, which in this case
the input current ripple is reduced. The voltage stress on the
switches is lower than the output voltage, so lower voltage
switches can be used, which reduces the converter cost. The
proposed converter is completely analyzed and in order to prove
the theoretical results, an experimental prototype is
implemented at 500 watts. The results of the experimental test
at full load show an efficiency of about 95.5%.

Keywords— DC-DC converter; soft switching; high step-up;
zero current switching, two-input.

I. INTRODUCTION

Recently, high step-up converters have become very
important in industry application [1]. In applications such as
photovoltaic systems [2], [3] and fuel cell systems [4]-[6]
which the voltage level is low, this voltage should be
increased. The voltage of these systems is at a low level and it
is necessary to increase this voltage a lot to reach an
acceptable level for electricity production. Therefore, high
step-up converters are needed [7],[8]. One way to increase the
voltage gain is to use isolated converters, which can achieve
high output voltages with high transformer conversion ratio
[9]. But the isolated type has a low level of efficiency due to
magnetic power transfer [10]. If there is no need for isolation
between the input and output, it is better to use the non-
isolated type [11]. In the non-isolated type, methods are
needed to increase the voltage gain. For this purpose, coupled
inductors [12], switch capacitors [13], voltage lift technique
[14] or a combination of these methods [15] have been
introduced. Also, in order to reduce switching losses and
increase efficiency, soft switching techniques have been
introduced. Techniques such as zero current switching (ZCS)
[16], zero voltage switching (ZVS) [17], and zero voltage zero
current switching (ZVZCS) [18]. In these techniques, sudden
changes in voltage and current on the switch are eliminated
and overlap of voltage and current is minimized. Therefore,
the switching losses decreases and efficiency increases. Also,
when the spurt in voltage and current is illuminated, the high
frequency noises is decreased and electromagnetic
interferences (EMI) improves [19].

One of the important applications of high step-up
converters is in energy production systems due to their high
voltage gain. In systems such as photovoltaic, fuel cell and etc.
But in a system like photovoltaic, the important problem is not

working when there is not sun energy. So that when the solar
cells do not work, the energy production system does not
work. Therefore, it is necessary to combine the systems so
when one of them is not working, the other can supply energy.
Therefore, at least the combination of two models of these
systems is required. To use this combination in the form of a
general system, converters are upgraded to two or more inputs
[20]. For this reason, two-input, three-input and more
converters have been considered in recent years. Figure 1
shows the general outline of a two-input energy production
system, which shows the combination of two solar systems
and fuel cells for energy production. As it is clear from this
figure, to connect two energy production systems such as PV
and fuel cell, a two-input step-up converter is needed. If the
number of inputs increases, the converter is also upgraded.
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Fig. 1. The structure of energy production through renewable energy sources

Due to the importance of these converters, new converters
have been presented for this purpose in recent years. In [21] A
new high step-up converter that is used in an energy storage
system is introduced. This converter is interleaved converter
so the input current ripple is minimum, but this converter has
four switches with complex control. In the work by [22] a
multi-port high step-up converter is proposed. This converter
does not have any coupled inductors and has a low volume
and price. Also, the introduced converter has high voltage gain
and due to the fact that the coupled inductor is not used, it has
a continuous input current. Although the converter has the
mentioned advantages, it has a large number of switches with
different statuses and controls, which make the analysis and
control of such a converter very complicated. Also, soft
switching condition are not provided in this converter, so the
efficiency level of this converter is low. A converter similar to
this converter is given in [23], which is designed and presented
by a large number of switches, diodes and capacitors. In this
converter, there is no coupled inductors and the input current
are continuous. The converter has a simple structure, but the
use of many switches creates complexity in the converter,
especially in terms of switching control. Also, this converter
does not have the soft switching condition in any of the switch,
so the level of efficiency is relatively low. The converter
introduced in [24] is a converter with full soft switching,
which also has a high voltage gain. In this converter, high
voltage gain has been obtained from the combination of
coupled inductors and capacitors, and due to the complete soft
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switching in this converter, the efficiency is high. But the
noteworthy point in this converter is the use of high number
switches and coupled inductors, which is increased the
volume of the converter. Also, the use of coupled inductors
makes the input current as step, which is not suitable for
applications such as photovoltaic due to the sudden current
jump at the input. A high-gain two-input isolated converter is
presented in [25], which is designed with only two switches to
achieve high gain and soft switching condition. This converter
also has isolation between inputs and outputs, but in order to
separate and use the transformer, the efficiency level of such
converters is low. Also, the common line on the input side of
this converter is separate from each other, and the switches of
this converter do not have a command in relation to acommon
line and are floating, so the control circuit design for floating
switches is needed. The non-use of coupled inductors in the
converter introduced in [26] has led to continuous input
current, and such converters are very suitable for applications
such as photovoltaics and fuel cells at the input. This converter
has high gain and good efficiency, but the structure of the
converter is such that the common line between the input and
output is separated by diodes and such separation is not
suitable in a non-isolated structure.

This paper presents a new high step-up converter that
provides soft switching condition for the switches in turning
on instant. In order to reach the high voltage gain, capacitors
and diodes have been used and the coupled inductors is not
used, therefore there is continuity of current at the input. The
converter is fully introduced and analyzed in part I1. In section
I11, the design of the elements is explained. The experimental
results of the proposed converter in order to prove the
theoretical analysis are given in Section IV. A comparison
between the proposed converter and similar converters of
recent years is given in section V, and finally, in section VI,
the conclusion of this article is presented.

Il. THE PROPOSED CONVERTER STRUCTURE AND OPERATION

The proposed converter is shown in Figure 2. As it is
known, by the capacitors and diodes, the condition for
increasing the voltage gain have been provided. In order to
create soft switching condition, two auxiliary inductors Lai
and L are placed in the circuit, and for the voltage clamp of
the switch, a clamp circuit is placed for both switches. The key
waveforms of the converter are given in Figure 3. As itis clear,
the converter has eight operating modes in one switching
cycle, which will be explained.
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Fig. 2. the proposed converter

Mode 1 (to-t1): This mode starts with S, turning on at to.
Due to the presence of the auxiliary inductor L, the switch
current does not rise suddenly and increases with a slope. The
slope of current increase in this case is shown in equation (1).
When the current of the switch reaches the current of L, this
mode is completed.
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Fig. 3. The key waveform of the proposed converter

Mode 2 (t1-t2): When the current reaches the current of L,
the current of the switch is fixed and this state continues until
Sy is turned off. In this mode, due to both switches are on, the
current of both switches is equal to the current of the
corresponding inductor and the input inductors are charged.

Mode 3 (to-t3): Sp is turned off in this mode, since the
current of Sy is cut off, this current falls on Sy, but because of
the auxiliary inductor, the current does not increase suddenly
on the switch and increases with the slope to the main current.
Also, the voltage on the switch is clamped on the C¢ voltage
due to D; turning on, and the energy of the auxiliary inductor
is discharged in this capacitor. The slope of the switch current
in this mode is defined in equation (2).

— VCl + Vcc (2)
Laz + Lal
Mode 4 (t3-t4): At the beginning of this mode the current
reaches its final value, due to the fact that the diode D1 turns

off, the voltage on the switch drops and reaches the value of
Vo-Vca. This mode continues until Sy is turned on again.

a;

Mode 5 (ts-ts): When S; is turned on, the same condition
as mode 1 occurs for this switch. The current of the switch
increases due to the presence of an auxiliary inductor with a
slope, which provides switching condition under zero current
to turn on the switch. Also, in this case, the slope of current
increase is shown in equation (3).

VO - Vc4 (3)
Loy

Mode 6 (ts-tg): This mode starts when the current of the
switch reaches the current of the main inductor, the current is
fixed and considering that both switches are on again, the
input inductors are charged.

Mode 7 (ts-t7): With turning off Sy, due to the presence of
the clamp circuit, D, turns on and the energy of the auxiliary
inductor is discharged in Cc. In this mode, the voltage on the
switch is equal to Vcc. During this mode, the current of Sy is
increased until the total current of each branch is placed on S;.

az =

mode 8 (t7-ts): In this mode, Is, reaches the current of the
main inductor and the auxiliary inductor energy is completely
discharged, D turns off and the switch voltage drops. Also,
the current of the switch is fixed and is equal to the sum of the
currents of both branches. This mode ends when S is turned
on again and returns to mode 1.

The equivalent circuits of the eight operating modes of the
proposed converter are shown in Figure 4.



Fig. 4. The equivalent circuits of the proposed converter for eight modes

I11. DESIGN PROCEDURE OF THE PROPOSED CONVERTER

A. Design of main elements

The main inductors and the output capacitor of the
converter are calculated as follows in the same way as the
calculation of the main elements of a conventional converter.
Equation (6) is written based on the charging time of the
output capacitor, which is written in time (1-D), which is the
time when the switches are off.

_ VinlDl (4)
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_ VinaDy (5)
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B. Design of Auxiliary inductors (La1, La2)

The placed auxiliary inductors are known as snubber
inductors, hence the snubber inductor design relationship is
used to calculate these inductors.

Vot (Veddta (1)
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Lgp<Lpn=——=
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So that Vs and Vs are the voltages on the switches and t;
is the rise time of the switch current, which is one of the
structural characteristics of the switches and is available in
their datasheet. Also, the current of the switch at the final
moment of current increase is obtained by placing all the
stated values of the design relationships of the auxiliary
inductors. According to the relation (7) or (8) and in order to
get the values of La and La; more easily, the curves drawn in
Figure 5 can be used as auxiliary curves. According to the
given relationships, it is clear that these values are related to
the current of the input inductors and therefore to the
converter power, and the curves are drawn accordingly. Also,
in the voltages of the clamp capacitor, which is the same as
the voltage level of the switches, different curves are obtained
as shown in the figure. Also, in this figure, according to the
used switch model, t; is considered to be 60 nanoseconds
based on the characteristic of the switch. At the same time,
the above relationships can be drawn based on the input
voltage, so that the effect of changes in the input voltage on
the amount of auxiliary inductors can be determined.
Therefore, the curves of Figure 6 have been drawn based on
the effect of changes in the input voltage on the value of these

inductors in different working powers of the converter.

The placed clamp capacitor has a voltage according to
equation (9).



Vin (9)
1-D

So that D is the switching duty factor, if it is the same in
both switches, if the duty factor is different, the capacitor gets

voltage in the larger duty factor, which leads to a higher
voltage.
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Fig. 5. La; and L, values according to power and different Vc (t; is equal to
60 nanoseconds)

Lal&La2 (1)

Fig. 6. The values of Ly and Ly, according to the input voltage and
different powers (t; is equal to 60 nanoseconds)

C. Voltage gain

According to the structure of the converter, the diode
capacitor stages have been placed to increase the voltage gain,
in this design four stages have been placed, which can be
increased or decreased and different gains can be obtained.
The number of stages is represented by N and the voltage gain
of each capacitor is calculated.
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D; is the duty cycle of S; and D; is the duty cycle of S,.

The output voltage can be calculated based on equation
(14).
Vot 3Vin +2Vin2 (14)
1-D, 1-D, 1-D,

If the gain relation is generally written based on capacitor
classes where N is entered, the relation is defined as relation

(15) for N with an even number and relation (16) for N with
an odd number.

VOZVC4+
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If the duty cycle of both switches is considered the same
and equal to D and the inputs are the same, the voltage gain

relationship in this case can be calculated according to
equation (17).

Vin 17
VO:(N+1) E ( )

Which N is number of capacitor branches, which in this
study equal to 4. The curves of Figure 6 show the changes in
the voltage gain values by changing the duty cycle and the
number of capacitor branches of the converter. Considering
that the converter with this structure always works at a duty
cycle higher than 0.5, hence the curves have been drawn in the
duty cycle within the stated range. As it is clear in the figure,
by increasing the number of branches, high voltage gains can
be achieved. But increasing the number of branches means
increasing the number of elements, which is not economical,
also increasing the number of diodes in the converter increases
conduction losses and decreases efficiency.
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Fig. 7. Voltage gain according to the duty cycle and the number
of different capacitor branches

D. Voltage stress on the switches

According to the structure of the converter and the
placement of the voltage clamp circuit for the switch off time,
the voltage of the switches is fixed on the voltage of the clamp
capacitor (Cc). Therefore, the voltage stress of the switches is
equal to the value of Vcc. According to equation (9), the value
of this voltage is equal to Vin/1-D that is the low voltage level
compared to the output voltage of the converter. In this sample
design with 24V input at 0.7 duty cycle, the amount of this
stress is equal to 80V.

IV. EXPERIMENTAL RESULTS

According to specification in table 1, the proposed
converter is implemented and tested, which photograph of the
proposed converter is shown in Fig 8. The experimental
results of the semiconductor elements are shown in Fig 9,
which shows the voltage and current of the switches and
current of clamp diodes. As can be seen from this figure, the
theoretical analysis is confirmed and ZCS condition is
provided for both switches when these switches are turned on.
In turning on the switches, the current is increased with slope,
which show ZCS condition is established. The diodes due to
decreases with slope turns off under ZCS condition, which this
condition is clear from the experimental figure. Therefore, the
reverse recovery problem for these diodes is solved.

b

Fig. 8. the prototype of the proposed converter (b) and
controller circuit (a)



Fig. 9. The experimental of the proposed converter

d

a) Voltage (up-blue) and current (down-orange) of S; (voltage scale is 50 volts/div, current scale is 10 A/div and time scale is 1 psec/div)

b)  Voltage (up-blue) and current (down-orange) of S, (voltage scale is 50 volts/div, current scale is 10 A/div and time scale is 1 psec/div)

c)  Current D; (current scale is 5 A/div and time scale is 1 psec/div)

d)  Current of D, (current scale is 5 A/div and time scale is 1 psec/div)

Table I. Specification of the proposed converter

component symbol Value/type
switches Siand S, IRFP260NPbF
Diodes D;-D; & Do MUR860
Qutput Capacitor Co 100uF-450V
Clamp capacitor Cc 10uF-100V
Leveling Ci-Cy 10pF-200V
capacitors
Auxiliary La&La 15puH
inductors
Main inductors Li&L, 1mH
Output power Po 500w
Switching fsw 100kHZ
frequency
Output voltage Vo 400V
Input voltages Vin&Vin 24v

V. COMPARISON OF THE PROPOSED CONVERTER WITH OTHER
CONVERTERS

A. Comparison of the proposed converter with the basic
converter

In terms of efficiency, the proposed converter has been
compared with the hard switching base converter, and the
results of this comparison are shown graphically in Figure 10.
As it is clear in this figure, according to the creation of soft
switching conditions, the efficiency of the proposed
converter has increased compared to the converter without
soft switching. Also, in this form, the efficiency has been a
little high at low powers, which is a little higher efficiency
has been obtained due to the lower conductive losses of the
elements. But since the proposed converter is designed and
used in 500 W power, the efficiency is important in this
power, but it is clear that the converter has high efficiency in
lower powers as well.
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Fig. 10. The efficiency of the proposed converter with compare to
conventional ones

B. Comparison of the proposed converter with the
converters provided in recent years

The proposed converter has been compared with five new
converters presented in recent years in terms of the important
characteristics of the converters, and the results are shown in
Table 1. According to the results specified in Table II,
although the converters of references [22] and [23] are very
good high step-up converters, they do not have soft switching
conditions, hence the efficiency of these two converters is
low. Also, due to the lack of soft switching that leads to
sudden jumps and rapid changes in the voltage and current of
switches, the noise of such converters is high and they are
limited in noise-sensitive applications. The converter
introduced in [21] has a small number of switches and diodes,
but the efficiency of this converter is lower than the proposed
converter. Converters [25] and [26] are two-input converters
that have good efficiency and voltage gain, but converter [25]
has a high voltage stress on the switch. The converter [26] has
more elements and the volume of the converter is high, and
the voltage gain of this converter is lower than the proposed
converter. The converter introduced in [24] has a very good
efficiency, and the voltage stress on the converter switch is



low. But this converter has a low gain compared to the
proposed converter and coupled inductors are used in the
converter, which increases the volume of the converter and
the input current of the converter is pulsed.

The proposed converter has a small volume due to not
using a coupled inductor, and at the moment the switch is
turned on, soft switching condition is provided for the switch
current and the current increases slowly. Also, in the
proposed converter, the voltage gain is dependent on the
number of capacitor branches, which by adding the branches
very high voltage gain can also be achieved. In the proposed

converter, by placing a voltage clamp circuit, the voltage is
clamped at a lower level than the output voltage at the
moment of shutdown, which lowers the voltage stress on the
switch and enables the use of switches with lower voltage and
lower price. Also, compared to most other converters, the
proposed converter does not have an additional switch and
works with the number of basic switches for two inputs,
which leads to the simplicity of the control circuit design,
because the more the number of switches increases, the more
command pulses need to be generated. It complicates the
control circuit.

Table 1. Comparison between the proposed converter with six soft switching converters

Number of switches | Number of diodes | Soft switching | Voltage gain Voltage stress on
Parameters condition the switch
Converters
[21] 4 4 ZVs 2(2n+1) Vout
1-D 2(2n+1)
[22] 6 2 NO (B-dy) (2-4d,) v
(1_d1)2 (1_111)2 !
[23] 5 5 NO (5-2d) Vo
191 —-d) 3+d
[24] 5 5 ZVS 1+nD Vin
1-D 1-D
[25] 2 6 ny + n; Vinz + Vinz
ZCS 1-2D 1-D, —D,
[26] 2 12 ZVS n( Vin1 Vi
1-D, 1-D
Vin2
Tz Dz)
Proposed converter 2 8 ZCS (N+1) Vin
1-D 1-D

VI. CONCLUSION

In this paper, a new high step-up converter with soft
switching under zero current is presented. The proposed
converter works on the basis of capacitor and diode and has
no coupled inductors, which means that the volume of the
converter is small. Also, the proposed converter has a
continuous input current. The provided converter is
designed as two inputs, which is suitable for use in new
energy production systems such as solar and fuel systems
that simultaneously receive inputs and create the required
output for electricity generation. The proposed converter is
fully analyzed and designed, and the experimental test
along with its results proved the design and analysis of the
converter. The experimental performed on the converter is
performed at a power of 500 watts, which obtained a
suitable efficiency of the converter at full load.
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