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Single-ended primary-inductor converter (SEPIC) was considered a good
alternative to a DC-DC converter for photovoltaic (PV) systems. The SEPIC
converter can operate with an input voltage greater or less than the regulated
output voltage, or as a step-up or step-down. As a step-up converter, SEPIC
boosts PV voltage to specific levels. However, gain limitation and voltage
stress continue to reduce the efficiency of conventional SEPIC converters.
Because of this, researchers created a modified SEPIC converter to improve
performance. In this paper, six modified SEPIC converters were compared
and evaluated. To compare fairly, all modified SEPIC converters are non-
isolated and use a single switch. Power simulator (PSIM) software was used
to simulate each converter with a BISOL BMO-250 PV module and
maximum power point tracking (MPPT) P&O controller. The converter with
the highest static voltage gain and lowest duty cycle has been identified. It
results in up to ten times voltage increment with a 0.8-duty ratio. All
topologies have the same voltage stress, with maximum and minimum
values of 30.1 and 29.5 V, respectively. On the other hand, each topology
produces different average efficiencies, with the highest and lowest
efficiency at 99.5% and 97.2%, respectively.
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1. INTRODUCTION

The increase in fossil fuels used to supply the world's energy needs has attracted much attention
from policymakers to researchers. It is a major issue that should be handled seriously due to its contribution
to increasing CO, emissions [1], [2]. One of the widely adopted solutions is to use renewable energy sources.
Many countries are actively exploring and researching renewable energy sources and their related advanced
technology applications [3]-[5] due to their sustainable, pollution-free, and abundance. Among the various
sources, photovoltaic (PV) has become one of the most popular renewable energy sources that convert energy
from the sun into electrical energy [6]. In 2021 the installed PV capacity was at 168 GW worldwide and was
expected to be more than 200 GW in 2022.

The general scheme to supply electricity from PV generation can be classified into three categories:
stand-alone (off-grid), on-grid connected, and hybrid. All involve a step-up converter to fulfil the allowable
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voltage level due to the low characteristic PV voltage [7]. The boost topology becomes the basic DC-DC
converter to increase voltage, which is popularly applied to PV systems [8]. This topology, however, results
in a large ripple in current and voltage, high voltage stress in the switches, duty ratio limitation, reverse
recovery problem, and poor efficiency [9]. Hence, the research and development on the DC-DC converter
functionality to step-up the voltage is still ongoing.

Single-ended primary-inductor converter (SEPIC) is widely applied to PV systems. This converter
offers several merits over conventional converters, including higher efficiency, lower power losses, and
better stability in output current [8]. Also, this topology can function as a buck-boost, allowing the output
voltage to be higher or lower than the input voltage depending on the control scheme adopted and the power
flow desired. By regulating the duty cycle, the input impedance in the SEPIC converter can change. The
SEPIC converter provides features similar to the Cuk converter without inverting the output voltage polarity
[10], so it has excellent benefits for power conversion. Therefore, this topology is compatible with PV
applications as the power extraction process requires module and maximum power point tracking (MPPT)
control [11].

The voltage stress across switches still becomes a problem faced by the SEPIC converter, which is
equal to the sum of the input and output voltage [12]. Hence, the SEPIC converter has limitations when
operating at high gain conversion ratios without sacrificing efficiency [13]. These problems have pushed
researchers to introduce novel topologies of SEPIC converters. For instance, by integrating a coupled
inductor [14], [15], and a coupled inductor with a voltage multiplier cell (VMC) [16], several variations to
the SEPIC-based converter topologies have been investigated. Also, the modification was carried out by
combining the boost topology with the SEPIC converter [17], the double boost circuit [18], and the
Cuk—SEPIC topology [19]. All of these were done to improve the performance of the SEPIC-based DC-DC
converter.

The performance of the modified single-ended primary-inductor converter (SEPIC) converters
proposed in the previous works is evaluated and compared in this study. For this reason, six non-isolated
topologies with a single switching device applied for PV applications are chosen. The comparison focuses on
each duty cycle with the gain voltage obtained, voltage stress across switches, and the converter's efficiency.
The evaluations and comparisons are conducted via simulation using PSIM simulation software. The same
PV module type (BISOL BMO-250) is used in all simulations. Also, the MPPT controller with the P&O
algorithm is used. The study's outcomes are expected to provide information regarding the performance of
selected modified SEPIC converters applied to PV systems that will guide the selection of suitable topologies
for various PV applications.

This article is organized as: section 2 describes the PV systems and types of conventional DC-DC
converters commonly used. Section 3 presents the overview of the six SEPIC converters selected for this
study. Section 4 presents the modelling and simulation of PV systems used in this study, which comprise the
PV module, the MPPT controller, and modified SEPIC converters. The results, discussion, and performance
evaluation of each topology are presented in section 5. Finally, the conclusion and recommendations from
this study are given in section 6.

2. PHOTOVOLTAIC SYSTEMS

Figure 1 shows PV systems in a standalone configuration without battery comprising PV modules,
MPPT controller, PWM generator, DC-DC converter, and load [20]. PV modules generate electricity from
solar energy, whereby the electrical power is highly dependent on irradiance and ambient temperature [21].
Therefore, an MPPT controller is utilized to obtain maximum power point (MPP) [22], [23]. The output from
the MPPT controller is duty value or voltage reference as a reference signal to compare with the sawtooth
signal as a carrier signal, resulting in a PWM signal [24]-[26]. It triggers the switching device in the DC-DC
converter to step-up PV voltage appropriating to the load voltage requirement or inverter voltage when
connected to the DC-AC conversion.

The DC-DC converter focuses on topology functioned to step-up voltage because the PV array's low
voltage output is unsuitable for many high-voltage applications. Figure 2 shows the conventional DC-DC
converters family famous applied to PV systems [27], wherein it can be divided into isolated and isolated
type [28]. The isolation type refers to an electrical barrier between the input and the output side involving the
high-frequency transformers [29]. However, the electrical barrier makes the converter bulky and heavy in
size, and the power losses caused by the barrier are also quite significant. Hence, the non-isolated converter
can be a choice to overcome the drawbacks mentioned earlier. In addition, it has been popular in recent years
to replace isolated types.

The boost converter is the best option among non-isolated conventional DC-DC converters.
However, it is not advised when the voltage gain is more than 8, owing to the rising duty cycle. Furthermore,
the voltage stress is equivalent to the output voltage, which makes it unsuitable for high-voltage uses. The
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SEPIC converter is offered as a high-step-up DC-DC converter for PV systems to address these issues.
SEPIC converter has a non-inverting polarity output voltage, a simple gate-drive circuit, and minimal input
current pulsation. Aside from these, the SEPIC converter can be functioned as a DC-DC buck-boost
converter, with the ability to increase or decrease the input voltage level at its output. As a result, the
operating point of the PV array can be optimized at any voltage level. Nonetheless, the current issues
regarding gain limitation and voltage stress impacting the efficiency result have still in the conventional
SEPIC converter.
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Figure 1. Diagram block for standalone PV systems
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Figure 2. DC-DC converters family famous applied to PV systems

3. OVERVIEW OF THE SEPIC CONVERTER DEVELOPMENT

Conventional SEPIC converter has continuous input currents, which causes significant input current
ripples. It restricts MPPT performance because the PV system will vary widely around its MPP [30]. Hence,
improving conventional SEPIC converter performance is still continuous, one of modifying the circuit. It also
covers several aspects, such as improving the gain ratio dedicated to voltage step-up, reducing power losses,
decreasing voltage stress, minimizing cost and components with a compact design, and obtaining high
efficiency.

3.1. Proposed topology by [31]

The modified SEPIC converter proposed by [31] only adds two components, a diode Dy, and a
capacitor Cy, to form a non-isolated structure without magnetic coupling, as shown in Figure 3. The output
voltage charges the capacitor Cy. In addition, the capacitor Cs polarity is inverted, unlike the conventional
SEPIC converter. The performance of this configuration showed that the static gain increased by ten times,
and reduced switch voltage stress occurred.
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Figure 3. Modified SEPIC converter by [31]

3.2. Proposed topology by [32]
The proposed topology by [31] has motivated further studies to result in a new modified SEPIC

converter, as conducted by [32]. One more diode was added to construct a voltage doubler circuit and boost
the output voltage result, as depicted in Figure 4. In addition, with this proposed topology, the voltage stress
across the switching device is suppressed, and the conversion efficiency is increased.
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Figure 4. Modified SEPIC converter by [32]

3.3. Proposed topology by [33]
A slight modification was carried out by [33] by changing the placement of the additional capacitor

to the series with the output capacitor, as shown in Figure 5. The operation mode of the proposed converter
works on boost and SEPIC converter combinations, which is dedicated to reducing inrush inductor current in
L.. As a result, the operation of the proposed converter achieving steady-state conditions is faster than the

first modified SEPIC converter discussed.
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Figure 5. Modified SEPIC converter by [33]

3.4. Proposed topology by [34]
By integrating a diode-capacitor component in series and boost converter to a basic SEPIC

converter, a novel modified SEPIC topology has been introduced by [34], as shown in Figure 6. Ten times
gain can be obtained. The voltage stress, input current ripple, and output voltage ripple can be reduced. Also,
employing MOSFET with low internal resistance makes a high-efficiency result. Hence, this modified
topology is suitable for renewable energy applications in the form of PV systems.
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Figure 6. Modified SEPIC converter by [34]

3.5. Proposed topology by [35]

In [35], a modification is carried out by combining the SEPIC converter with one additional inductor
and capacitor as a voltage lift circuit, as illustrated in Figure 7. This strategy overcomes losses due to
parasitic elements in components used. In addition, the current ripple in the input side can be suppressed,
followed by the capability of enhancing output voltage.
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Figure 7. Modified SEPIC converter by [35]

3.6. Proposed topology by [36]

Figure 8 shows a modification based on the SEPIC converter. It was addressed to obtain high gain
with low input current ripple proposed by [36]. Low voltage stress can be achieved by applying less turn-off
time on the switching device. In addition, this topology is dedicated to the minimize inrush inductor current
in L;.

All the modified SEPIC converters discussed above have close similarities in circuit configuration.
The focus of the modification was addressed to maintain the primary topology advantages with increasing
voltage gain. All converters were dedicated to enhancing the PV voltage involving the MPPT controller to
obtain maximum power conversion. Therefore, all proposed topologies are selected to be evaluated each
performance in this study. To identify each topology, these have been notated by A up to F, followed by each
reference. Meanwhile, each component can be calculated by the equation listed in Table 1. It excludes the
equation is tagged "N/E", which means not explained in the reference article.
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Figure 8. Modified SEPIC converter by [36]
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Table 1. Modified SEPIC converter equations

Parameters Modified SEPIC converter topology
A B C D E F
[31] [32] [33] [34] [35] [36]
DUty CyCIe Vour = Vi Vour = Vi Vour = Vi 2Vour — 3V, Vour = Vi Vour = Vi
Vout + Vin Vout + Vin Vout + Vin 2Vaut + Vin Vuut + Vin Vout + Vin
L, Vi X D Vi X D Vi X D Vin X D N/E Vi X D
AiL X fsw AiLl X f;w A’:Ll X f:vw AiLl X f:vw A’:Ll X fsw
L, Vin XD Vea X (1—=D) Vin XD Ve, X (1 —=D) N/E Vea X (1—=D)
Aip X fo Aigy X fow Aipy X fow Aips X fow Aigy X fow
Ls - - - - N/E -
C - _toue ) 5 Toue XD N/E e
AV X fow Zx — AV X fo AV X fow
out
R(72) % fon
C. - _tour toue X D N/E iy
AV X fo 1. % AV X [y 80V X fow
out
R(72) % fow
C3 - - - Iout x D - Iout
AVC X fsw AVC3 X fsw
CS qut - Iout - - -
AVC X f;w AVC X fsw
Cwm out - - - - -
AVC _X f;w
Cout given Pout - Loyt X D N/E -
4 X Fg X Ve X AV AVt X fow
Rou Vour Vour Vour Vour Vour Vour
I{Hl{’ Imlt Inur Iﬂlllf Im:r Im:r

4. MODELING SIMULATION SYSTEMS
4.1. Photovoltaic module

The simulation systems are built up in this study using a PV module with type BISOL BMO-250.
By applying the information from the datasheet, modeling is carried out utilizing a physical model feature in
PSIM software, where the PV parameters used are shown in Table 2. Meanwhile, the modeling characteristic
results are shown in Figures 9, 10, and 11, respectively, which all represent the real PV module. So, the
model of the PV module is feasible to use.

Table 2. Datasheet PV module BISOL BMO-250

Parameters Label Value Unit
Maximum power Py 250 w
Short circuit current Is¢ 8.80 A A
Open circuit voltage Voc 379V \%
Current at Prax Lnpp 820 A A
Voltage at Prax Vinpp 305V \%
Temperature Coeff. of Vsc KI 0.0029 %/°C
Temperature Coeff. of Voc KV -0.0918 %/°C
Number of cells in series N 60
250 " 1 " | | L 1 L 1 y 1
. 1000 W/m?/249.9
200 A S -
- i 800 /m2, ~200.48
5150_ /z \ -
5 | 60p /m”. - 750,17 ‘\
P . :
E 100+ 7 400 W/m’ oo T
] - AN
50+ ,/“ZDOW/n:Iz_-—..\ “-\=\ =
B e Lo 48.32 . ||
O T T T T T \I —
0 5 10 15 20 25 30 35 40

Voltage (V)

Figure 9. P-V curve of PV module BISOL BMO-250 for various irradiance
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Figure 10. I-V curve of PV module BISOL BMO- Figure 11. I-V curve of PV module BISOL BMO-
250 for various irradiance 250 for various temperature

4.2. Maximum power point tracking

The MPPT controller is applied to enhance power conversion results from the PV module with the
P&O algorithm. This algorithm has been adopted by researchers to investigate the PV system's performance
[37]-[40]. Also, it is chosen due to having some advantages, consisting of less computational procedure, ease
of implementation, low complexity, and low power consumption [41]-[44]. Moreover, P&O is one of the
most industry prevalent algorithms besides incremental conductance (INC) and constant voltage (CV) [45].
The flowchart of the P&O algorithm is depicted in Figure 12, then applied to the C code in the PSIM

software.
Read V(k) and I(k)
from PV module

|

Calculate
P(k) = V(k) * I(k)
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dP = P(k) - P(k-1)
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Figure 12. MPPT P&O algorithm flowchart
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4.3. Modified SEPIC converter

The modified SEPIC converters explained in section 2 were chosen and utilized to enhance PV
output voltage. All calculations of component size use equations listed in Table 1. It considers the same
parameter in Table 3 comprising the input voltage from the PV module, the output voltage, switching
frequency, allowed ripple in output voltage, inductor current, and capacitor voltage.

Table 3. Component calculation parameters

Parameters Label Value Unit
Input voltage from PV module Vin 30.5 \Y
Output voltage Vout 61— 305 \Y
Switching frequency fow 25 kHz
Output voltage ripple AV,e 30 %
Inductor current ripple Aij 1 %
Capacitor voltage ripple AV, 10 %

4.4. Modelling of overall systems

The whole modelling system is shown in Figure 13. It is used to test and evaluate each performance
of modified SEPIC converters in PSIM software. The systems involve a PV module, MPPT controller with
PWM generator, modified SEPIC converters and load.
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Figure 13. The complete modelling systems

5. RESULTS AND DISCUSSION

Six modified SEPIC converters depicted in Figures 3 to 8 have been simulated using PSIM software
to compare and evaluate their performance and operations. The first test was to compare the gain results
versus the duty cycle worked, as depicted in Figure 14. The testing results are shown that six converters can
be classified into two groups. The first group contains topologies A, B, C, and D, while topologies E and F
are in the other group. The first group performs better than the second group in the gain versus duty cycle. In
detail, the first group with topology B can achieve the gain with the lowest duty cycle. It results in up to ten
times voltage increment with a 0.8-duty ratio. Then, topologies A and D have the same result indicating that
both modified SEPIC converters have the same capability in stepping-up voltage. The last is topology C,
which generates a higher duty cycle than others to obtain the same gain value. Meanwhile, topology E and
topology F have almost the same characteristic for obtaining voltage gain. In detail, topology E generates a
duty cycle lower than topology F, which means it is better to realize a high static gain.
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In the presence of the voltage doubler circuit, the proposed converter in topology B is proven to
achieve high static gain with a low-duty cycle. Therefore, several researchers have used the same method to
offer a high gain converter feasible for PV systems applications [46]-[49]. The voltage doubler circuit, also
called a multiplier circuit, tends to function by increasing voltage at the end part of the main converter.
Hence, topology B is superior to topology A and D because both are constructed without a voltage doubler
circuit. Topology A combines a boost converter and SEPIC converter with a single switch, while topology D
is further by adding a diode-capacitor configuration in series. In order to the topology C, which connected
two capacitors in series to filter the output voltage, combines the boost converter and SEPIC converter with
slight modification. The sum of the two capacitors used is the output capacitor itself. The duty cycle in this
topology is higher than in the previously explained topologies. However, the proposed converter in topology
C will achieve steady-state faster due to offering the feature of decreasing the inrush current in inductor 1.

The capability of the proposed converter in topology E is classified into the second group, wherein
the presence of the additional inductor works to store energy with inductor 1 and inductor 2 simultaneously
before flowing to the load. The configuration of an additional inductor and capacitor has a role as a voltage
lift. In addition, this topology is prepared to handle parasitic effects in the components used. Unfortunately,
the duty cycle worked is still categorized in high value compared to modified SEPIC converters in the first
group, although the high gain conversion has been successfully achieved. Meanwhile, the proposed converter
in topology F combines the boost converter and SEPIC converter, dedicated to the decreased voltage stress in
the switching device by minimizing the current flowing in the inductor. However, this topology still produces
a high-duty cycle to achieve high voltage gain.

Furthermore, the voltage stress in each topology was investigated by varying the irradiance level
with constant ambient temperature in standard test conditions (STC) for the PV module. It is conducted due
to the irradiance changing more unpredictably. On the contrary, the characteristic of the actual temperature in
the world does not change rapidly. The tested results are listed in Table 4 by measuring drain-source voltage
in each switching device. The voltage stress in each topology is averaged to simplify the analysis process, as
shown in Figure 15.

The resulting test shows that the difference in voltage stress among all topologies is insignificant.
Nonetheless, they have successfully overcome the voltage stress issue in the conventional SEPIC converter,
which has high voltage stress equal to the sum of the input and output voltage [50]. Then, by applying the
same strategy to investigate each converter's efficiency, the result is listed in Table 5 by comparing output
power to input power for each modified SEPIC converter. Moreover, the average efficiency result is depicted
in Figure 16.
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Figure 14. Comparative of gain versus duty cycle in six modified SEPIC converters

Table 4. Voltage stress results testing

Irradiance Ambient Voltage Stress on Topology (V)
Level (W/m?)  Temperature (°C) A B C D E F
200 25 294 292 295 293 293 298
400 25 29.4 29.5 29.7 29.5 29.9 30.2
600 25 303 298 298 305 293 297
800 25 308 296 309 306 297 301
1000 25 304 304 299 306 291 2838
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Figure 15. Comparative of voltage stress in six modified SEPIC converters

Table 5. Efficiency results testing

Irradiance Ambient Topology Efficiency (%)

Level (W/m?)  Temperature (°C) A B C D E F
200 25 995 995 991 989 98.1  96.7
400 25 995 994 988 98.7 97.7 974
600 25 996 994 988 987 975 974
800 25 996 994 988 987 974 974
1000 25 995 996 98.7 98.7 974 973
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Figure 16. Comparative of average efficiency in six modified SEPIC converters

The highest efficiency can be obtained by topologies A and B, henceforth topology C and D.
Afterwards, it is followed by topologies E and F. These confirm that the performances of the topology
categorized in the first group are better than the topology in the second group for getting high static gain
capability and finally impacted the efficiency results. By configuring a conventional SEPIC converter and
boost converter with a single switch involving an addition inductor and capacitor, this modification was
sufficient to obtain high gain conversion as conducted by [31]. The existence of D, which was added by
[32], has a role in getting more lift voltage with minimizing duty cycle operating. Therefore, this
modification SEPIC converter is suitable for low-power PV system applications. Topology C can be
considered for fast response with minimum inductor inrush current. Meanwhile, topology D can be chosen
for PV systems applied to the grid connection through a DC-AC inverter. The appropriate output capacitor
can be designed by knowing the grid frequency. Further, topologies E and F can be considered for
application with minimum voltage stress requirements in the switch devices.
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6. CONCLUSION

This study has evaluated six modified SEPIC converters with the same character in the form of a
non-isolated configuration and a single switch for PV systems, which are notated by topology A up to F. The
evaluation and comparison were conducted using PSIM software with the same PV module type BISOL
BMO-250 and MPPT P&O controller. All converters were compared, focusing on the voltage gain versus
duty cycle, voltage stress across switches, and efficiency results. The highest static voltage gain with
minimum duty cycle has been achieved by topology B, followed by A and D, C, E, and F. The difference in
voltage stress among all topologies is insignificant. Nonetheless, they have successfully overcome the
voltage stress issue in the conventional SEPIC converter. Finally, the sequence of highest efficiency results is
topology A and B, henceforth topology C, D, E, and F.
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