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Article Information Abstract
Submitted : 9 Jun 2024 Renewable energy sources are increasingly being embraced due to their
Reviewed: 12 Jun 2024 environmental advantages, characterized by clean energy production,

Accepted : 30 Jun 2024 including solar energy, fuel cells, and wind turbines. High step-up DC-DC
converters are commonly employed in conjunction with these sources to

elevate their unregulated output voltage to a high and regulated level. This is

Keywords especially true for converters based on coupled inductors, which are able to

achieve high voltage with a low duty cycle. This paper provides a
comprehensive review on the coupled inductor-based high step-up DC-DC
converters. This review involves five widely used topologies, namely stacked
converters, cascaded converters, multi-winding converters, interleaved
converters, and integrated converters. It is evident that the researchers
proposing these converters aim to enhance the overall efficiency of the
renewable energy system by achieving a high voltage gain with a low duty
cycle, thereby reducing conduction losses, mitigating stress on switches,
alleviating voltage spikes across the main switches, and recycling the leakage
energy. However, it is noteworthy that some of the proposed circuit designs
are complex and involve a high number of components resulting in increase
in cost and size of packaging. Additionally, some proposed circuits could not
effectively achieve the aforementioned objectives. This paper serves as a
valuable resource for researchers, offering an overview of the latest
developments in the high step-up converters based on coupled inductor,
which may help them to identify potential research gaps.
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A. Introduction

Recently the demand for the renewable energy systems increased due to
their environmental benefits, including solar photovoltaic (PV) panels, fuel cells,
and wind turbines. As the aforementioned sources depends on the weather
conditions, their output power is not constant [1], [2]. Thus, the DC-DC converters
are employed to regulate the output power, consequently enhance the overall
performance of the renewable systems. In general, with the increasing demand on
these sustainable sources, the power electronic device became more important as
they play a crucial role in such system, particularly DC-DC converters. The
integration of renewable energy systems into the electrical utility is expected to be
greatly expedited by the growing adoption of high step-up DC-DC converters.
Ensuring the dependability and efficiency of these converters is paramount for the
successful transformation of renewable energy sources into electric power for the
grid [3], [4]. A typical renewable energy system is shown in Figure 1, which
includes renewable energy sources, an DC-DC converter, DC-AC inverter, grid and

loads.
AC Load
or Grid

DC-AC Inverter

Renewable Energy DC-DC Converter

Source
PV, Fuel Cell & Wind

Veltage Sensor
Current Sensor

PWM out

Figure 1. Typical renewable energy system

In order to connect the renewable energy sources with the grid, often the
step-up (boost) DC-DC converter is utilized to regulate output voltage of these
sources and higher its level so it can be easily inverted to a specific AC voltage. A
conventional boost converter is not a convenient option in high step-up
applications as they require an extreme duty cycle to achieve a high voltage gain,
which lower their conversion efficiency. Therefore, the high step-up converters
based on coupled inductor are employed instead of conventional boost converter
to obtain a high voltage gain with low duty cycle which in turn improve the overall
efficiency of converter.

The idea of coupled inductors is to couple two or more inductors
magnetically together allowing the energy transfer between them. These
converters offer several benefits, for example, achieving high voltage gain with low
duty cycle, reducing switching losses, reducing voltage and current stress on the
switches, and reducing current ripple [5][6]. In contrast, these converters face
some challenges, such as introducing the inductor leakage energy which cause
voltage spike across the main switches. To address these challenges the active and
passive clamp circuits have been employed by part of researchers which help to
recycle leakage energy to the output terminal as will be discussed later.
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Researchers proposed numerous coupled inductor converters topologies to
overcome the limitations of conventional boost converters, as discussed in section
3, including stacked converters, cascaded converters, multi winding converters,
interleaved and integrated converters.

In this paragraph some related works are illustrated. After reviewing it can
be noticed that the majority of the proposed converters used the interleaved
topologies. For instance, references [5], [6] proposed the high step-up interleaved
DC-DC converters with coupled inductor. According to their results, they achieved
high efficiency, reduced voltage stress on the switch, recycled leakage energy, and
alleviated voltage spike across the main switches. Additionally, references [7], [8],
[9], [10], [11], [12], [13], presented interleaved converters with Voltage Multiplier
Cells (VMC) using coupled inductors, resulting in high efficiency, high voltage gain,
and low switching losses and low voltage stress on switches. However, a number of
the proposed circuits suffered from the high input current ripple. Thus, the
researchers of the aforementioned studies tried to lower the level of the input
current ripple.

In other studies [14], [15], [16] the multi-winding configuration have been
presented. In this approach, they utilized a multi-winding coupled inductor,
specifically three windings. Their results showed that they achieved high
efficiency, high voltage gain, low input current triple, low voltage spike across the
main switches, low conduction losses, low voltage and current stress, and recycling
of leakage energy to the output; however, this resulted in an increasing in number
of components and circuit complexity.

Furthermore, the high step-up switched capacitor DC-DC converter with
coupled inductor proposed in references [17], [18] both achieved high efficiency
with an effective performance. These studies also suffered from the leakage
energy. Nevertheless, after adding a passive clamp circuit to their proposed
converters the leakage energy recycled to the output terminal.

This paper presents a review of high step-up DC-DC converters based on
coupled inductor as their foundational principle. In Section 2, a theoretical
background of the configuration of DC-DC converters in renewable energy systems
is provided. In Section 3, a brief background about conventional high step-up DC-
DC converters is given. In Section 4, a background theory is presented about
coupled inductor-based high step-up DC-DC converter. In section 5 classification of
these converters are discussed. While, in Section 6, a table of performance
comparison of high step-up converters with coupled inductors is presented.
Finally, the main findings are summarized in the conclusion section.

B. Configuration of DC-DC Converters in Renewable Energy Systems
Renewable energy sources, like solar energy, fuel cells and wind energy, face
several constraints when it comes to harnessing energy. The efficiency of PV
panels in converting energy is significantly impacted by the radiation received on
their surface, while wind energy generation is influenced by the conditions of the
wind that affect the turbine blades. Consequently, climate change has a significant
impact on the production of power (current and voltage) from these sustainable
sources. Therefore, a power converter with high efficiency is required to handle
variations in voltage level and maintain fixed voltage levels to meet the load

Indonesian Journal of Computer Science Vol. 13, No. 3, Ed. 2024 | page 4435



ISSN 2549-7286 (online)

demand [19]. As it has mentioned earlier that the renewable energy sources
depend on the weather conditions, so their output power is not constant and
changes with the weather. That is why the power electronics, especially DC-DC
converters, play a highly effective role in the configuration of renewable energy
systems, due to their ability to optimize the output power of renewable sources,
resulting in an increasing in the efficiency of such systems. These converters
manage power flow withing the renewable energy systems.

The configuration of DC-DC converters in renewable energy systems is
shown in Fig. 1. The DC-DC converters work as a charger control if the battery
charging is needed or to regulate the level of output voltage of the renewable
sources with the help of Maximum Power Point Tracking (MPPT). The MPPT
technique generate the Pulth Width Modulation (PWM) signal of the main switch
of the dc-dc converts to optimize the performance of the system. The principle of
this control technique is to sense the DC output current and voltage from the
renewable sources and track the maximum point to extract maximum power from
them.

For DC loads and battery storage systems, the output voltage of DC-DC
converters is directly used. Meanwhile, in most cases, renewable energy sources
are utilized to feed the AC loads or to integrate with the public electrical utility
through the DC-AC inverter. Thus, the output voltage of these sources is raised and
adjusted to a higher level to meet the required level by using boost or high step-up
dc-dc converters. For this reason, this research reviewed these converters to
provide an overview of the latest developments in this field. The output voltages
generated by renewable energy sources, such as photovoltaic panels and fuel cells
usually fall within the range of 20 to 50 V. It is clear that these output voltages are
considerably lower than what is needed for a grid-connected inverter. Therefore,
incorporating a high step-up DC/DC converter is essential for the proper
functioning of a grid-connected inverter system [20], [21].

C. High Step-up DC-DC Converter

Conventional DC-DC boost converters are non-isolated step-up converters,
and the voltage gain tends to approach infinity as the duty cycle approaches one
[16]. However, a large duty cycle can lead to high voltage stresses on switches,
pose reverse recovery challenges for diodes, and result in low efficiency.
Additionally, due to parasitic parameters, the voltage gain decreases with an
increasing duty cycle, making it unsuitable for meeting the demands of high-step-
up DC-DC conversion. To address these issues and fulfill the requirements of high
step-up applications, numerous researchers have dedicated their efforts to develop
converters with high voltage gain, low cost, and high efficiency. These
advancements fall into various categories, such as high step-up converters with
coupled inductors, converters incorporating switched capacitors, configurations
combining inductors and switched capacitors for high step-up, and designs that
integrate coupled inductors with switched capacitors, among others. The
overarching goal remains achieving increased step-up ratio while ensuring
affordability and efficiency in these converters to optimize their performance in
renewable energy applications.
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D. High Step-up DC-DC Converter with Coupled Inductor

The idea of dc-dc converters based on coupled inductor is to couple two or
more inductor magnetically together with permitting the energy transfer between
these coupled inductors. Thus, they work as a transformer to achieve high voltage
gain in high step-up DC-DC converters resulting in an improvement in
performance of the converters[22]. The level of voltage gain can be controlled by
choosing proper number of turns-ratio of the coupled inductors. The basic
equivalent circuit of a coupled inductor-based high step-up DC-DC converter is
shown in Figure 2. According to the characteristics of the circuit, the voltage gain
can be calculated using the expression in (1), this equation is when the converter
operating in Continuous Conduction Mode (CCM).

M = & — 1+ND (1)

Vin 1-D

Here, D represents the duty cycle, and N denotes the turn-ratio. One
advantage of this configuration is its ability to achieve higher voltage gains with a
lower duty cycle compared to conventional converters, reducing stress on
components. Moreover, coupled inductors promote continuous energy transfer,
enhancing overall converter efficiency. However, limitations include increased
complexity in control circuitry and potential for electromagnetic interference.
Despite these challenges, the high step-up DC-DC converter with coupled inductor
stands as a promising technology, offering improved voltage gain and efficiency,
particularly in applications requiring significant voltage elevation, such as
renewable energy systems.
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Figure 2. Basic High step-up DC-DC converter with coupled inductor

E. Classification of High Step-up DC-DC Converters Based on Coupled

Inductor

As has been mentioned earlier, several coupled inductor converters have been
proposed by the researchers. They shared the same objectives to enhance the
efficiency of these converters. Yet, the circuit arrangement, component numbers
and performance are different. Figure 3 presents the classification of the
commonly used couple inductor-based converters. This chapter will give a brief
theoretical background of the mentioned converters in Figure 3.
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Figure 3. Classification of high step-up dc-dc converters based on coupled
inductor

1) Stacked converter with coupled inductor

This converter can be conceptualized as a combination of a boost converter and
a flyback converter. The passive clamp circuit is formed by the diode Dol and
capacitor Col. The half-wave voltage multiplier consists of the secondary winding
N2, along with Do2 and CoZ2. The primary benefit of this converter stems from its
relatively uncomplicated and compact design, allowing for the direct recycling of
leakage energy into the output. Topological enhancements within this category
primarily concentrate on implementing soft-switching techniques to minimize
switching losses and incorporating voltage multipliers to enhance the voltage gain
even further [23]. The primary drawback of this converter is the presence of
parasitic oscillations at the secondary side of the rectifier diode.
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Figure 4. Basic Stacked converter with coupled inductor [24]

2) Cascaded converter with coupled inductor

Cascaded DC-DC converters with coupled inductor topologies offer several
advantages in terms of efficiency and compact design. It consists of multiple power
stages connected in series, each containing a DC-DC converter with a dedicated
coupled inductor. The benefits of cascaded converters with coupled inductors
include enhanced efficiency, modularity for scalability, and reduced voltage stress,
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resulting in improved reliability. Moreover, the flexible design ensures that the
output voltage remains stable and low-ripple for specific applications. Despite this,
utilizing cascaded DC-DC converters with coupled inductors has some
disadvantages. Among these disadvantages are intricate control requirements,
increased component counts that increase costs and may raise reliability concerns,
as well as restrictions in applications with low power or space requirements. In
order to protect against cascading failures, robust fault detection mechanisms
must be implemented. A careful consideration of specific application requirements
is essential to determining the most appropriate deployment.

3) Multi-winding coupled inductor

In specific situations where higher voltage gains are required, it becomes
necessary to have a larger turn ratio in the coupled inductor. This is done to avoid
excessively high duty cycles, which can lead to increased leakage inductance. As a
result, the voltage stress on rectifier diode Dcl may rise significantly, potentially
exceeding the output voltage.

In this paper, the circuit from two sources is illustrated; one is presented in
[25], as shown in Figure 5. In this proposed circuit, the N2 and N3 windings are not
connected in series with the primary winding, unlike in cascaded converters. This
design choice eliminates the need for additional clamp circuits, enabling the direct
release of leakage energy into the output load. Nonetheless, there is a reduction in
the voltage conversion ratio. To minimize the reverse recovery current of the
output diode, the delay time of the primary and secondary overlap currents can be
adjusted. The second circuit, introduced in [15] for renewable applications,
specifically fuel cells, involves the adaptation of the voltage multiplier designed for
the tertiary winding into a voltage doubler, as shown in Figure 6.
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Figure 5. Multi-winding converter with coupled inductor proposed in [25]
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Figure 6. Multi-winding converter with coupled inductor proposed in [15]

4) Interleaved converter with coupled inductor

Interleaving coupled inductor step-up converters allows for achieving high-
step-up power conversion without the need for extreme duty ratio operation,
effectively managing high input currents. These converters are recognized for their
capability to minimize input current ripple. When dealing with higher power
ratings, it is often more advantageous to interconnect converters in parallel. This
parallel configuration serves to evenly distribute switch current and thermal
stresses, thereby enhancing overall efficiency and reliability. It also effectively
doubles the switching frequency, enabling the use of smaller inductors and
capacitors [25].

The interleaved converter based on coupled inductors, while effective, often
involves a substantial number of components. In an effort to mitigate this, several
circuits proposed by researchers aim to reduce the component count. One such
approach, presented in [26], involves the sharing of common components. It
introduces a circuit that shares active clamp circuits after interleaving basic
coupled inductor converters, as depicted in Figure 7. This active clamp circuit
recycled the leakage energy from coupled inductor back to the output through the
boost converter utilizing a common clamp capacitor. The result showed that, with
low voltage rated switches, the recycled leakage energy increased the efficiency,
due to the decrease in losses.

An additional illustration of component sharing is demonstrated in the work
presented in [27], which introduces a groundbreaking interleaved converter based
on coupled inductors with a jointly utilized voltage multiplier, tailored for
photovoltaic applications. This converter interleaves conventional boost
converters, attaining a noteworthy high voltage gain without requiring an
extensive duty cycle. A noteworthy benefit of this design is the integration of an
active clamp, efficiently alleviating voltage spikes across power switches and
enhancing the overall efficiency of the converter.
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Figure 7. Interleaved converter based on coupled inductor with shared active
clamp circuits

Voltage Zk -Ti:.?
multiplier
module N, D, —|— Cs
| lo
i’cg
-
Ngz ZSDS —_Cz
N, +
N | ™~ R
¢ LA LA a Vo
D, D,
Ve -
s L ’
—_
= j— o

/ in

LYY vY

+

sz
T -
er: (T) ‘Sj’;}
=

Figure 8. Interleaved converter based on coupled inductor with shared voltage
multiplier

In the realm of interleaved coupled inductor converters, another distinctive
topology is exemplified by the interleaved converter with winding-cross-coupled
inductors. Addressing this configuration, reference [28] introduces an interleaved
high step-up converter designed specifically for photovoltaic applications (see
Figure 9). This converter achieves both a commendable high voltage gain and a
reduction in the voltage stress experienced by power switches. Notably, the design
incorporates measures to clamp voltage spikes on the MOSFETs, ensuring

Indonesian Journal of Computer Science Vol. 13, No. 3, Ed. 2024 | page 4441



ISSN 2549-7286 (online)

enhanced reliability. Additionally, the system efficiently recycles leakage energy
through the utilization of voltage multiplier cells.

Ny o Niy Nae
LYY | | v [~y
) i Y/ * H—
\ Dy
I~ VN
\ 1.' L
. Dy c \( Dy
sﬂ et /r\
/A
/oA
- = | \
S [
__"ygs__f 42 / \_ M
Inaaal ] | Y YL M~
11 Ny Dl/o; Y
I~ ~N +
L1 ID/I
D, 2
+ — c2 i - §
Co~ R V.
S [ —— 0 [~ Q o
v{n : d._} T ch -

=
Figure 9. Interleaved converter with winding-cross-coupling inductors

5) Integrated converter with coupled inductor

Integrating coupled inductor-based converters with other DC-DC converters
offers several advantages, particularly in reducing input current ripple. This
review paper discusses the integration with boost converters and integration with
SEPIC as follows:

First, integrating with boost converter, the configuration depicted in Fig. 10 by
reference [29], noteworthy characteristics of this converter include minimal input
current ripples and a quadratic voltage gain. Similarly, stacked coupled inductors,
can be integrated with the boost converter as well. Figure 11 illustrates one such
typical topology, as in [30]. The coupled-inductor boost converters shown in
Figure 10 and Figure 11 exhibit minimal input current fluctuations and achieve a
quadratic voltage conversion ratio. However, in the main power branch, there are
essentially two diodes, contributing to elevated conduction losses. Furthermore,
the converters essentially function as two units in series, leading to a less-than-
optimal overall system efficiency.
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Figure 10. Coupled inductor-based converter integrated with boost
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Figure 11. Coupled inductor-based converter integrated with boost

Secondly, the integration of coupled inductor-based converter with SEPIC as
shown in Figure 12 which is proposed by reference [31], an investigation is
conducted on a single-switch high step-up converter with a built-in transformer.
This converter can be conceptualized as a combination of the SEPIC converter and
the converter based on coupled inductor. A similar configuration is presented in
[32], where an active clamp circuit is implemented to achieve zero-voltage
switching (ZVS) for the switch. Additionally, the converter in Figure 13 employs
the stacked output concept, as in [33]. This design yields advantages such as a high
step-up ratio and low input current ripple. Various topological variations,
including the use of a multi-winding structure, are also feasible.

The primary benefit of the topologies depicted in Figure 12 and Figure 13 is
their ability to minimize input current ripple. Compared to the boost converter
integrated circuits shown in Fig. 10 and Fig. 11, these two proposed circuits were
more efficient as the used only one diode in the main power branch, contributing
to a reduction in conduction losses. However, their voltage conversion ratio is not
quadratic and is lower than that of the integrated converter with boost.
Furthermore, these both integrated topologies are similar in terms of the
magnetizing energy of transformer N1:N2. This implies multi-stage energy transfer
and additional conduction loss.
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Figure 13. Coupled inductor-based converter integrated with SEPIC [33]

F. Perfurmance Comparison of High step-up Converters with Coupled

Inductors

This section presents the performance comparison between the reviewed
papers. The comparison is based on the equation of the voltage gain, number of
parameters used in their circuits, and the obtained efficiency, as given in Table 1. It
is clear from the results that the reviewed papers have achieved more than 90%
efficiency. While the number of components and voltage gain level is different.
Some proposed converters employed more than 15 components as is shown in
references [10], [13], [34], [35], [36], [37], [38]. They all attained high step-up
voltage but some of them faced some specific challenges including stress on the
main switch, effect of leakage energy, voltage spike across main switches,
switching losses and input current ripple. For instance, proposed converters in
references [17], [18], [39] suffered from the high input current ripple. In addition,
many proposed circuits suffered from the stored energy of leakage inductance
which cause the voltage spike on the switches. However, they employed active and
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passive clam circuits to address this problem as it shown in references [11], [18],
[40].

Ref. Voltage gain (M) Maximum Number of components Total number
(Vout/Vin) Efficiency (%) Coupled inductor/C/S/D/L of components

[41] (8N +2) + 2D(1 — 4N 95.96 3/5/2/5 15
1-D

[8] _* 94.16 2/5/2/5 14
1-D

[9] W+1 97.3 2/4/2/5 13
1-D

[10] 2N+ 1) 96.7 2/7/2]7 18
1-D

[11] 2nt D) 97.1 2/5/2/6 15
1-D

[12] 2nt+ 1) 97.2 2/5/2/6 15
1-D

[13] 2N +1) 96.8 3/5/4/4/2 18
1-D

[14] N+2+D(N—- 1) 96.5 2/5/2/6 15
1-D

[16] 3n 95.38 2/4/1/3 10
1-D

[17] 1+ +D)n 96.4 1/4/1/4 13
1-D

[18] 2+n+nD 96 1/4/1/4 10
1-D

[42] 2+n+D 94 1/4/1/4/1 11
1-D

[39] 2(1 +nD) 92.8 1/2/2/4 9
1-D

[43] nt1 96 1/3/1/3 8
1-D

[44] 2N+ 1) 94.37 2/4/2/4 12
1-D

[45] 1+ND 96.43 1/3/1/2/1 8
1-D

[46] l1tn 96.37 1/1/5/1/4 12
1-20

[47] 24D N, 95 1/3/2/1/1 8

1-D " N,
[48] n 4 L 0 + )0 96.7 1/5/1/5 12
- 1-D

[49] 2n+1) 96.6 2/3/4/2 11
1-D

[50] 2N +4 94.9 2/4/2/4 12
1-D

[40] nD+1 92 2/4/2/3 11
1-D

[34] 2N+ D +n 97.65 3/5/2/6/2 18
1-D

[35] ntN+1) 97.77 3/7/2/8 20
1-D

Table 1. Performance Comparison of Coupled Inductor Converters
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[36] N+1 97 2/7/2/8 19
1-D

[37] AN+ 1) 96.5 3/5/2/6/2 18
1-D

[38] 3+D 96.9 6/8/6/14 34
1-D

G. Conclusion

Renewable energy sources, such as solar energy, fuel cells, and wind turbines,
have gained widespread use due to their environmental benefits. High step-up DC-
DC converters are commonly employed with these sources to boost and regulate
their output voltage. This paper provides an overview of high step-up DC-DC
converters based on coupled inductors, highlighting their advantages in delivering
high voltage gain with low duty cycles. The paper classifies five topologies of high
step-up converters with coupled inductors, including stacked converters, cascaded
converters, integrated converters, interleaved converters, and multi-winding
converters. The primary objectives of these proposed converters are to achieve
high voltage with low duty cycles, reduce switching losses, alleviate voltage and
current stress on the main switches, suppress voltage spikes, and recycle leakage
energy. Despite these advantages, some challenges are identified in certain
proposed converters, such as an increased number of components leading to
higher costs and circuit complexity. The paper contributes to the understanding of
these high step-up converters, emphasizing their potential benefits and
acknowledging the trade-offs associated with specific designs.
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