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Renewable energy, such as solar, is crucial to combating the environmental effects of
fossil fuels. Some studies have proposed a step-up converter based on a conventional
boost converter and a coupled inductor. This paper proposes a high step-up DC-DC
converter designed for solar system applications. The interleaving method is used at
the converter's input to reduce the input current ripple and increase the voltage gain.
This converter has a high voltage gain and a low voltage stress on the semiconductor
elements, while the conduction losses of the converter are reduced. The proposed
converter with a power of 220 watts, an input voltage of 10 volts, and an output
voltage of 120 volts is simulated in MATLAB software. Ultimately, the performance
of the converter has been assessed through analysis and simulation. Furthermore, the
converter's performance was compared with several similar topologies. The results
and comparisons clearly demonstrate the effectiveness of the proposed converter.

1. Introduction

solar cells is relatively low [5]-[6]. To increase
voltage levels, solar cells are connected together in

Studies in various fields focus on decreasing
greenhouse gas emissions using renewable energy
sources (RES) [1]. Solar photovoltaic (PV) energy
is a renewable energy sources that provides an
alternative to fossil fuels [2]. Power electronic
converters are essential in photovoltaic systems,
enabling efficient energy conversion for various
applications [3]-[4]. The voltage generated by the
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series, however, optimal power generation power
generation requires the use of a boost converter [7]-
[8]. The overall architecture of the solar system with
a high-voltage gain converter is depicted in Figure 1.
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Figure 1. General architecture of PV system.

Boost converter topologies suffer from low
voltage-gain issues; therefore, Khan et al. [9] have
introduced an improved high-gain converter. High-
gain non-isolated converters are typically applied in
medium-power applications due to their low cost
and high efficiency. Researchers have presented
several topologies for high-gain converters, and
evaluating the advantages and disadvantages of each
have been examined [10]. The increasing demand
for RES and energy storage systems has created new
opportunities for innovation in DC-DC conversion
technologies [11]. Ebrahimnaz and Sarvi [12] have
investigated a step-up converter with minimal stress
on semiconductor components for incorporation into
photovoltaic systems. Padmanaban et al. [13] have
presented a quasi-Z-source converter that utilizes an
inductor and a switched-capacitor arrangement.
Hajilou and Farzanehfard [14] have introduced a
high-voltage gain converter based on a Z-quasi-
source structure.

Forouzesh et al. [15] have suggested a non-
isolated step-up converter with switching capacitors.
Nabati et al. [16] have stated that the DC-DC
converter provides a non-isolated boost for high-
voltage applications but does not achieve a very high
voltage gain. Najafi et al. [17] have presented a new
converter topology with high voltage gain for solar
system applications; however, the number of
converter components is high. Naderi et al. [18]
have presented a new topology of a boosted DC-DC
converter, but they did not investigate the voltage
stress on the switches. High-gain cascade converters

have been comprehensively compared in the
literature [19]-[20]-[21]. Some studies have
proposed a step-up converter based on a

conventional boost converter and a coupled inductor
[22]-[23]. Shibu et al. [24] have introduced a
converter with a high step-up for microgrid
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applications. Mejbel et al. [25] have developed a
self-switched boost converter with low voltage gain.
Previous studies have examined quadratic boost
converters and outlined their advantages and
disadvantages [26]-[27]. Ahmad et al. [28] have
designed a converter for a solar system to increase
the voltage gain using two switches.

In this paper, a high-gain converter is introduced,
and the performance of the converter is investigated
by analysis and simulation. The results of this study
will be useful for increasing the efficiency of solar
energy systems. The following are the highlights and
novelty of the work:

e New High-Gain DC-DC Converter:
The proposed structure significantly increased the
input-to-output voltage level, making it beneficial
for applications such as solar power systems, where
a higher output voltage is desired.

e  Utilization of Interleaving Technique at

the Input:

This technique has improved the overall
performance and reliability of the converter by
effectively reducing the current ripple.

e Implementation of Two Voltage Multipliers

at the Output:

The inclusion of two output voltage multipliers has
been employed to increase the gain.

e Low Voltage Stress on Semiconductors:
This feature ensures that the components used in the
converter experience lower voltage levels compared
to other designs, potentially leading to increased
reliability and longevity of the semiconductors.

e Reduced Conduction Losses and
Enhanced Efficiency:
In this design, conduction losses have been

minimized, resulting in improved efficiency of the
converter.

The next part of the article is as follows: Section
2 presents the topology of the converter. In Part 3,
the converter is compared with some similar
converters. The simulation results are shown in Part
4; finally, the discussion is presented in Section 5,
and the conclusion is provided in Section 6.
2. The Proposed Converter and
Operational Principles

Design

Figure 2 depicted the circuit schematic of the
converter. The proposed converter employs the
interleaving method in the input section to reduce
ripple in the current and the combination of two
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voltage multiplier cells (VMCs) in the output section
to enhance the voltage gain.

The pulses applied to each of the existing
switches have a phase difference of 180 degrees, the
duty cycle is greater than 0.5, and the same duty
cycle is applied to both switches. In a switching
period, the converter has four operating modes, the
circuit for each mode is illustrated in Figure 3 and
the key waveforms of the converter are illustrated in
Figure 4. It should be noted that, in the analyses
conducted, all active and passive elements were

regarded as ideal.
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Figure 2. The suggested converter structure.

2.1. Operating Analysis

Mode 1 [to-t1]: In this time duration, the switches S
and S, are on, and the energy does not transfer from
the input to the output, and the output capacitor Ce
supplies power to the output load. The waveform of
the converter in mode 1 is depicted in Figure 3(a).
The relationships of this state are expressed as
follows:

VL, =V, =V, )
VL3 :Vcl 'VC2 'Vc3 (2)
Vo=V, 3)

Mode 2 [ti-t2]a: Switch S; and diodes D3 and Ds are
on, and switch S, and Di, D3, D4, Ds are off. In this
mode, the inductor L, is charged, but the inductor L,
starts to discharge when the switch S, turns off and
transfers its energy to the output side of the circuit.
The waveform of the converter in mode 2 can be
depicted in Figure 3(b). The relationships of this
state are expressed as follows:

VLI :\/in (4)
VL2 =V +Vc5 -Vo (5)
VL3:VC4 'VC3 'VC2 (6)
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Mode 3 [t2-t3]: This state is the same as mode 1 and
the relations extracted for working mode 1 are also
valid for this mode. This operating mode ends when
switch S; turns off, and diodes D;, D, and D4 turn
on. The converter's waveform in mode 3 is depicted
in Figure 3(c).

Mode 4 [t3-t4]: In this state, switch S, and diodes
D1, D3, and Dy are on, while switch S; and D3, Ds
are off. In this mode, the inductor L; is discharged
and its energy is transferred to the output section.
Because Ds is off in this state, the output load is
powered by the capacitor Cs. The waveform in mode
¢ is depicted in Figure 3(d). This is extracted as
follows:

VL= V- Ve, =Vt -V,

- (7)
V=V,

- ®)
V, =V. -V. =V, -V, =V_-V_ -V,

3 4 2 1 3 5 3 2 (9)
Ve, =Ve, TV, (10)
Vo=V, (11)

2.2. Calculate the voltage gain

Taking into consideration that the average
voltage of an inductor is equal to zero in a switching
period [12], and according to the relations obtained
above, the voltages of the capacitors and the voltage
gain are determined. First, the duration of each mode
is as follows:

2D-1

[tO’tl]_TT (12)
2D-1

[tz,t3]:TT (13)

[t.t,]=(1-D)T (14)

[tyt,]=(1-D)T (15)

By setting the average voltage of inductors L;
and L, to zero, the following relationships are
obtained:

V.
V. =—1=o 16
" 1p (16)
Vo-Ve, =V, -Ve, = (17)
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In mode 4:

Ve Ve, =V, Ve, (18)

By replacing equations (16) and (17) in (18):

2
Ve, =1p Vo (19)
By simplifying equation (7) and inserting the
calculated value for Vca:

V.
V. -V. =V, =—= 20
CS Cl Cz 1 -D ( )
With zero consideration of the average voltage
L3:
D+2
DVC1+(1-D)VC4=E\/m 21

Using equations (17) and (21), the voltage values
of capacitors C; and C; are obtained:

Vo=V, 2)
Ve, = % V., (23)

By replacing equations (19) and (23) in (10):
=V, 9

And finally, by inserting equation (24) into (17), the
voltage gain is obtained:

Yo 3 (25)
V, 1D
The voltage gain curve as the duty cycle changes
is illustrated in Figure 5.

2.3. Calculation of voltage stress of semiconductor
elements

The voltages of switches and diodes are shown in
Table 1 for all operating modes. According to Table
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1, it is clear that the wvoltage stress on the
semiconductors is lower than the V, of the
converter, and this feature allows for the use of
components with a lower voltage range, which , as
mentioned before, improves the efficiency.
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Figure 3. Modes of the converter. In state (a) 1, (b)
2,(c)3,(d) 4.
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Table 1. Voltage stress of the semiconductor in the

v converter
YA Model Mode2 Mode3 Moded
Vsi v,
i 0 0 0 5
Vlﬁn Vs2 v,
0 5 0 0
VvV
oo v L2, L
V. 4
\’)I 5 5 5
ITH}) L Vb2 z 2y & 0
% [ 5 5
v, v Vb3 ﬂ & Zy
v 5 0 5 o
1-
'Y
H"DI""n:‘V[H >

2.4. Design of input inductors

)i First, the values of In.x and Iy, the maximum

=V f and minimum of the currents of input inductors are
Jj;.u defined according to Figure 6. The inductor current
—in_ of L, in the first, second, and third operating states is

determined by equation (26) [12]:

: Imax -Imin :
iy, (t) =2 (26)
! ' DT
-Uin 4
'; D L‘ The inductor current of L, in the second
% . H operating mode is defined by equation (27) [12]:
v [ -1 T
i § i (t):M(t__)-H , 27)
L min
M ? (l—D)T 2

L
g
A

I LI
Imai 1 -
t v I ! 1 : ‘ ] t 4 ImﬂL/\
Figure 4. The waveforms of the converter I, s
Imax
Imr\P\’/’
I s
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-

§ 60 ty t, t, ty t,
§ 40 Figure 6. Current waveforms of input inductors
20
T s 06 07 08 09 095 According to equation (28), the total input
Duty Cycle current is calculated as follows:
Figure 5. Converter voltage gain curve with
respect to duty cycle changes i, :iL] +iL2 (28)
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The current of the inductors at the beginning of

the mode (at t=% T) is equal to [12]:

iL t= 2D-1 T |= (lmax _lmin )(2D-1) _’_imm (29)
’ 2 2D
2D-1
i (t=7 TJ=1max (30)

The total input current is obtained at the
beginning of the mode 2:

iin (t:E TJ :iin
2 max

The value of the current of the inductors at the
end of state 2, (i.e. at ) is equal to [6]:

. T imax _i min :
lL == min
' 2 2D

. (T .
1L2 t_E _lmin

The amount of the total input current at the end
of state 2 is obtained as equation (34):

— 1min _lmax +2imax

(32)

(33)

. T) . 1 - .
1in t=— :lin i :M+21min (34)
2) ™ 2D

Using the ripple equations (31) and (34), the total
input current is calculated:

+ 1min _lmax

D

Alln :1inmux _linmin :2

(imax _imin )
(33)

Also for inductor L, in the second operating
mode [6]:

. . 1 (¢.-DV. .
= =1 . = — —_m +
lLZ (t—tZ) 1mm L2 [J't, 1-D dtj 1max (36)
. DTV
1max _lmin = (3 7)
L2
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By replacing equation (37) in equation (35), the
values of the inductors (Ll =L, =L) by assumption

1
(T=f—) are calculated as follows [6]:

S

) 2D-1)V.
meELE (38)
@D-1)V,,
L=L,=L= AL (39)

2.5. Capacitor design

In the converter, the diode Ds is on only in the
mode 2, and the capacitor Cs is charged. In other
modes, the capacitor Cg is discharged.

Therefore, to calculate the output capacitor Cg, at
first, operating modes 3 and 4 are considered [29].

wm%@ﬂwﬂ}mmmww)m)
V(0

The current of the capacitor C¢ in these three
operating modes is equal to:

(41)
Using the relationships above, the value of the
output capacitor is obtained [29]:

DI

— o

°fAV

i 42)

According to equation (42), to reduce the output
voltage ripple, the value of the output capacitor
increased.

3. Performance Comparison

In this sector, the converter is compared with
other interleaved boost converters that have a
symmetrical or conventional structure. In Table 2,
the converters are compared based on voltage stress,
voltage gain, and the number of elements. In this
comparison, the switch and the diode are selected,
which exhibit the highest voltage stress. The
comparison results indicate that the converter
achieves a higher voltage gain relative to other
converters without relying on coupling inductors or
transformers by utilizing a unique combination of an
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interleaved input stage and dual voltage multiplier Total 19 34 13
cells at the output. number of 23 14

component
4. Simulation Results s

Switches 2 2 2 6 3

To further investigate the proposed converter, a
220-watt converter with an input voltage of 10 volts Diodes 5 8 4 14 3
and an output voltage of 120 volts with the values
and elements presented in Table 3 was simulated in Capacitors 6 9 3 8 4
MATLAB software, and the results are shown in
Figures 7 to 11. Given that the simulation attempted Inductors 3 4 2 6 3
to use real components, converter losses were also
considered. Due to the consideration of losses, the Coupled 0 0 3 0 0
simulation results differ somewhat from the ideal inductors
case. The voltage and current waveforms of switches or built-in
Si and S; are shown in Figures 7 and 8§, respectively. transforme
The current and voltage waveforms of diodes D; to rs
Ds are presented in Figure 9. According to Figure Number of 3 4 3 6 3
10, the output voltage is 119.1 volts, and the total magnetic
input current in Figure 11 is equal to 22 A. cores
The simulation results demonstrate that the Voltage 5 143D 24n 34D L3p

suggested converter delivers a high voltage gain. gain 1-D 1-D 1-D 1-D aox2o)

This directly translates into higher efficiency and
improved reliability, as the reduced stress allows the

. . . Voltage v, Vo Vo Vo 1D
use of components with lower ratings, reducing both stress of s o Y 5
costs and potential failure rates. ) 3
switches
Maximum 2, DV, V, Vo 6Dy
Voltage 5° 143D ¥ P

stress
across
diodes

L

Figure 8. The waveform of switch S

Table 2. Comparison of the converter and the
converters provided in the references

Topology  Propose  Ref  Ref[30 Ref[31 Ref[32
d [29] ] ] 1

convert
cr
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(e)
Figure 9. Current and voltage waveforms of
diodes: (a) Dy, (b) D, (c) D3, (d) D4, (e) Ds.

Figure 10. Output voltage waveform of the
converter

Figure 11. Input current waveform.
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Table 3. Specifications of the converter in the

simulation
Parameter Value  Parameter Value
Vin 10V Cy 100 pF
Vo 125V Cs 220 uF
Pout 200 W L, L, 200 pH
fs 24 L; 100 uH
kHz
C1,Cs 150 S1,S2 IPP110N20N3
uF
C 100 Di-Ds STTH15L06
uF
G 47 uF D (Duty 0.6
cycle)

The converter's efficiency diagram for different
output power (less than 220 watts) is shown in
Figure 12.

91.5

Efficiency(%)
©
=]

100 110 120 130 140 150 160 170 180 190 200
Output Power (W)

Figure 12. The efficiency curve of the converter
with respect to the output load changes

5. Discussion

The simulation and analysis results demonstrate
that the converter achieves a high voltage gain. This
directly results in higher efficiency and enhanced
reliability. The comparative analysis (as shown in
Table 2) indicates that the proposed topology utilizes
fewer components than traditional designs. This
reduction in the number of components not only
simplifies the overall design but also reduces
manufacturing and maintenance costs, making the
converter an attractive solution for cost-sensitive
applications. The converter can be used for solar
photovoltaic systems, distributed generation and
renewable energy systems, microgrids, and battery
storage systems. Future work on this converter
includes investigating the converter's behavior under
dynamic loading and varying environmental
conditions, as well as integrating advanced
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maximum power point tracking (MPPT) algorithms
with it.

6. Conclusions

The proposed converter achieves a notably high
voltage gain which outperforms other similar
converters while avoiding the use of coupling
inductors and transformers. By incorporating an
interleaved input stage and dual voltage multiplier
cells, the design reduces input current ripple and
minimizes voltage stress on semiconductor
components, thereby enhancing overall efficiency
and reliability. A comparative analysis demonstrates
that our topology not only reduces the number of
required components but also offers a cost-effective
solution for high step-up conversion in low-voltage
applications. The converter is particularly suited for
solar applications, where low-voltage PV modules
need to be efficiently stepped up to higher voltages
for grid interfacing or energy storage.

Nomenclature
D Duty cycle
fs Switching frequency (kHz)
Linax Maximum current in the input inductors
(Amp)
Lnin Minimum current in the input inductors
(Amp)
il Inductor current of L1 (Amp)
MPPT Maximum power point tracking
PV Photovoltaic
Pout Output power (W)
RES Renewable energy sources
Vo Output voltage (V)
Vin Input voltage (V)
Ver Voltage values of capacitors Ci (V)
127(6 Voltage multiplier cell
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