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ABSTRACT In this paper comprehensive evaluations of isolated high step-up dc-dc topologies have been
investigated. These converters are especially well suited for distributed generation systems utilizing re-
newable or alternative energy sources that need a wide input voltage range with load regulation. With
this in mind, this work primarily concentrates on comparative analysis of various isolated configurations
employed in possible industry applications. Consequently, several isolated structures, including flyback,
forward, push-pull, and full bridge and other similar solutions have been carried out in the literature. For
the purpose of comparative and theoretical analysis, some of the circuit parameters are considered, which
include voltage conversion ratio, semiconductor element voltage stress, component size, and conduction and
switching losses. Furthermore, the selected configurations have been discussed in terms of cost estimation
and financial feasibility. In addition, the design procedure and experimental prototypes of the available
solutions with the main results are presented. Derived from this investigation, the authors provide a guide to
help researchers to identify different isolated topologies with wide input voltage range and galvanic isolation
for prospective research directions within this area.

INDEX TERMS Isolated high step-up converter, distributed generation systems, wide input voltage range.

I. INTRODUCTION

Environmental concerns, including issues like global warm-
ing, the limited availability of fossil fuels, and the need to
decrease carbon dioxide emissions, have motivated the re-
search for cleaner and more sustainable energy sources [1].
Simultaneously, there has been a growing demand for renew-
able energy systems such as solar panels, fuel cells, and wind
turbines in recent years. This increased demand for cleaner
energy options has led to a shift in thinking about operating
grid-connected systems, necessitating the development of in-
novative strategies [2], [3]. In essence, the challenges posed by
environmental issues and the push for renewable energy are
reshaping the energy landscape and how power is generated
and distributed [4], [5].

In recent times, microgrids have gained considerable atten-
tion due to the substantial benefits they offer to both electricity
consumers and power grid operators. Microgrid deployments
are seen as a means to enhance power quality, lower emis-
sions, ease network congestion, reduce power losses, improve
energy efficiency, and potentially enhance the overall eco-
nomic performance of the system [6]. Furthermore, over the
past decade, dc microgrids have garnered significant interest
from both academia and industry. These dc microgrids have
proven to be superior to ac microgrids in terms of reliability,
efficiency, ease of control, integration of renewable energy
sources, and connecting dc loads [7]. The architecture of a
simple dc microgrid with a various power conversion section
is depicted in Fig. 1.
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FIGURE. 1. A simple architecture of DC Microgrid.

The primary challenge in implementing a dc grid is the
lack of a viable business model. Hence, the power electronic
converters need to be versatile and compatible with both dc
and ac applications [8], [9]. Power electronic structures play
a crucial role in incorporating renewable energy generation
into the power grid, meanwhile their usage is widespread and
expanding rapidly [10].

Solar Photovoltaic (PV) energy is a highly significant
global energy source and is projected to be the leading con-
tributor to electricity generation among all renewable options
by 2040. This is due to its renewable nature, absence of
harmful emissions, and high efficiency. PV power plants are
an effective means of harnessing energy from the sun and
directly converting it into electricity [11] and [12]. However,
PV panels produce very low voltage, and for applications
requiring high voltage, these panels must be connected in se-
ries and parallel configurations. Unfortunately, this approach
increases the overall cost of PV power systems. To address the
issue of low voltage output from PV panels, a high step-up
dc-dc converter is needed to boost the low voltages (typically
20-30 V) to align with the voltage level for distribution of a
dc microgrid (usually 350—400 V) [13], [14].

Lately, there have been numerous advancements in high
step-up dc-dc converters designed to achieve high voltage
gains in both isolated and non-isolated configurations [15],
[16]. In non-isolated setups, where galvanic isolation is not
present, various methods have been employed to enhance
the dc-dc conversion process. These methods include using
coupled inductors, cascading techniques, switched capacitors,
switched inductors, and voltage multiplier cells [17]. They
are used to achieve a substantial voltage boost in a cascade
setup without the need for a transformer, all while maintaining
high efficiency and high-power density [18]. To link energy
sources with lower input voltages to a higher-voltage dc bus,
galvanically isolated dc-dc converters are among the most
promising solutions.

These converters provide isolation to shield the energy
source from significant voltage fluctuations at the load. They
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TABLE 1. Main Features Comparison of VF, Cl and IS Converters

Feature VF CF IS
Voltage step-up No Yes Yes
Voltage step-down Yes No Yes
Short-circuit exemption No Yes Yes

Yes
At a minimum,

Open-circuit exemption

Element for storing energy| One capacitor . One one capacitor and
inductor :
one inductor.
Cascading capability of No No Yes
energy elements
Simplicity in control Simple Complex Moderate

are efficient in utilizing the energy source, offer more flexi-
bility in handling varying load conditions, and are capable of
working with a wider range of input voltages [19], [20], [21],
[22], [23]. Various established isolated dc-dc converters can
be broadly categorized as Voltage-Fed (VF) and Current-Fed
(CF) converters. Current-fed converters primarily function by
reducing the input voltage through the adjustment of switch
duty cycles [24], [25]. They typically incorporate an output
LC filter, which smoothens the pulsating voltage. To op-
erate as boost isolated dc-dc converters, current-fed dc-dc
converters offer several advantages, including reduced input
current ripple, a lower transformer turns ratio, improved effi-
ciency, lower voltage requirements for rectifier diodes, and the
absence of shoot-through faults in power switches [26]. More-
over, there is another isolated converter called Impedance
Source (IS) converter, which is a combination of VF and CF
converters, and it can have the characteristics of both of them
[19], [27], [28], [29]. To better understanding, the specifica-
tions of these three types of converters been compared with
each other and illustrated in Table 1 [30]. Alternatively, in
different scenarios, isolated converters can be classified into
three primary types: those based on full or half-bridge switch-
ing (BS), single or two-switch PWM, and resonant designs.
Full-BS converters offer high voltage step-up ratios and effi-
ciency but are better suited for high-power applications due
to their numerous switches [31]. For low-power applications
PWM, half-BS, and resonant converters are more practical
[32]. In PWM DC-DC converters, standard configurations
such as Cuk, SEPIC, and Zeta, incorporating galvanic iso-
lation, as well as Forward, Flyback, and Push-Pull designs,
are simple yet may exhibit certain constraints such as reduced
static voltage step-up ratios, high input current ripple, and the
need for high-breakdown voltage diodes [33]. Isolated High
step-up dc-dc converters also can be divided into two types:
passive clamp and active clamp converters.

Passive clamp converters have a simple structure and few
switches but suffer from power losses due to hard switch-
ing of the main switch [34]. Active clamp converters, based
on push-pull, half-bridge, and full-bridge topologies, achieve
zero-voltage switching (ZVS) for switch turn-on and elimi-
nate voltage spikes. However, they may not be highly efficient
or cost-effective in low-power applications due to increased
switch count and complex driving circuits [35].
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Resonant bridge isolated high step-up dc-dc converters ad-
dress issues with soft switching, using parasitic elements for
resonance and featuring a simple structure without clamp cir-
cuits. However, they may cause a significant dc-offset current
in the transformer, increasing its size [36].

This paper presents a comprehensive evaluation of iso-
lated high step-up DC-DC converter topologies for distributed
generation systems using renewable energy sources. Unlike
existing reviews that focus on individual converter types, this
paper conducts a thorough comparative analysis across mul-
tiple configurations, including flyback, forward, push-pull,
and full-bridge converters. The evaluation considers critical
parameters such as capacitor and magnetic sizes, primary side
switch voltage stress, semiconductor conduction losses, and
switching losses, standardized for a fair comparison under
identical conditions of 400 W output power, 20-50 V input
voltage range, and 50 kHz switching frequency, maintaining a
constant 350 V output voltage. The main contributions of the
paper include:

1) Component Sizing Analysis: Introducing a quantitative
approach to compare capacitor and magnetic sizes based
on accumulated energy calculations, aiding in optimiz-
ing component selection.

2) Voltage Stress and Losses Comparison: Utilizing nor-
malized parameters like Voltage Stress Ratio (VSR)
and Conduction Loss Ratio (CLR) to evaluate primary
side switch voltage stress and semiconductor conduc-
tion losses.

3) Switching Losses Assessment: Employing a Switching
Loss Ratio (SLR) to assess the efficiency of switching
losses management across different converter types.

To validate the comparative methodology, a series of ex-
periments were conducted under controlled laboratory condi-
tions. Representative converters, one using coupled inductors
(flyback) and another using a transformer (full-bridge), were
selected for direct performance comparison. This setup en-
sured a fair and equitable comparison of efficiency, losses,
thermal characteristics, and cost-effectiveness under similar
operating conditions.

By evaluating key performance indicators crucial for real-
world applications, such as efficiency under varying loads,
detailed losses analysis, thermal behavior, and cost consider-
ations, this paper provides practical insights into the strengths
and weaknesses of each converter type. Unlike many the-
oretical studies, this paper bridges theory with practice by
incorporating experimental validation. The classification of
converters into coupled inductor-based and transformer-based
categories, based on their operational principles, aligns with
the distinctions made in the introduction and the main body of
the paper. This classification is essential for understanding the
different converter types and their applications in renewable
energy systems. The paper is structured as follows:

1) Section II provides an overview of the competitive solu-

tions.

2) Section III delves into the methodology for comparative
evaluation and offers guidelines for component design.
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FIGURE. 2. Classification of high step-up DC-DC converters.

3) Section IV offers experimental evaluation of the pro-

posed solutions.

4) Finally, Section V presents the conclusions drawn from

this study.

Overall, this paper aims to guide engineers and researchers
in selecting optimal DC-DC converter topologies for diverse
renewable energy applications, contributing significantly to
the field by combining theoretical insights with practical vali-
dation.

Il. OVERVIEW OF COMPETITIVE SOLUTIONS

The concise summary of the categorization of high step-
up DC-DC converters for both isolated and non-isolated
types is illustrated in Fig. 2. This paper primarily concen-
trates on isolated dc-dc converter topologies. Several isolated
high step-up dc-dc converters have gained prominence in
the industry due to their efficiency, capability, and suitabil-
ity for applications such as single-phase PV application.
The conventional isolated converters, as shown in Fig. 2,
include coupled-inductor based converters like Flyback, iso-
lated SEPIC, and transformer-based converters consisting of
various topologies such as forward, Push-pull, voltage-fed
half-bridge, voltage-fed full-bridge, current-fed half-bridge,
current-fed full-bridge, resonant half-bridge, and resonant
full-bridge. These converters are widely used based on their
inherent characteristics, performance metrics, and suitability
for specific applications. Table 2 provides a concise merits
and demerits of main features among the conventional isolated
high step-up dc-dc converters. In next sub-sections, a set of
these solutions has been explained and discussed.

A. COUPLED INDUCTOR BASED ISOLATED SOLUTIONS
The isolated SEPIC, is one of the coupled inductor based
isolated converter, commonly used in renewable application,
which has advantages like low-input current ripples, minimal
EMI, and versatile outputs. These converters possess a fun-
damental flaw, experiencing notable voltage stress on switch
devices that is on par with the combined magnitude of both
output and input voltages [37], [38], [39].

Flyback based converter, with its coupled-inductor based
isolation, is known for its simplicity and cost-effectiveness.
It is suitable for low to moderate power applications [40],
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FIGURE. 3. Several isolated high step-up DC-DC converters for dc-microgrid applications, (a) Flyback based converter [47], (b) Forward based converter
[52], (c) Push-pull based converter [54], (d) Half-bridge based converter [56], (e) Current-fed FB with clamp capacitor [58], and (f) Current-fed resonant

converter [67].

TABLE 2. Comparison of Conventional Isolated Converters

Topology Advantages

e Simple design and low cost.

Disadvantages
e Limited power handling capability

Flyback |e Suitable for low to moderatee High peak currents and voltage
power applications stresses
eDual voltage regulationje Complex control and higher
Isolated | step-up and  step-down| component count
SEPIC | capabilities. eLimited for  high  power
e Reduced input current ripple| applications.
e High efficiency e Limited voltage regulation range.
Forward [eGood for high powereRequires tight control for reliable
applications operation
e High-frequency  operatione Complex control and higher
3 capability component count
Push-pull eGood for high powereTransformer design can be
applications. challenging
o Moderate complexity. e Requires ?areful control to avoid
Half- X . voltage spikes
. e Suitable for a wide range of . . .
bridge Lo e Limited for very low or very high
power applications.
power
o High efficiency. ° S;g’;’;n . CCSES"I and  higher
Full-bri i igh-| .
ull-bridgele Suitable ~ for high power \ i ideal  for Jow-power

applications applications.

eReduced  electromagnetic|
interference (EMI)

e Improved reliability due to
soft switching

e Complex control and higher cost
eHigh current stress through the
semiconductor devices

Resonant

[41], [42], [43], [44], [45]. The conventional flyback con-
verter topology has drawbacks that limit its performance in
some applications. Some issues include high voltage spikes
and oscillations caused by leakage inductance in the main
transformer, reducing efficiency and risking switch and diode
damage. Furthermore, the main switch requires a high voltage
rating due to the summation of input and reflected output volt-
ages [46]. Fig. 3(a) depicts a two-switch flyback PWM dc—dc
converter with active snubber [47]. The proposed converter
introduces a dual-flyback high step-up, enhancing voltage
gain while minimizing turn ratios. Increasing voltage gain and
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reducing switching losses are achieved by coupling two series
secondary inductors.

To minimize input current ripple, the two primary sides are
interconnected in a parallel configuration.

B. TRANSFORMER BASED ISOLATED SOLUTIONS

The forward converter is one of transformer based isolated
solutions that extensively employed in applications requir-
ing low to medium power supplies, primarily owing to its
straightforward design and cost-effectiveness. Nonetheless,
it possesses two primary disadvantages: When the switch is
deactivated, the energy confined in the magnetizing induc-
tance within the core results in transformer saturation, and
the transformer’s leakage inductance subjects the switch to
substantial voltage stress [48], [49], [50], [51]. Ref. [52]
introduces an innovative Active-Clamp Forward Converter
(ACFC) incorporating a lossless snubber on the secondary
side to mitigate voltage spikes on the free-wheeling diode and
forward-rectifier diode. Fig. 3(b) depicts the circuit configura-
tion of the suggested converter.

The Push-Pull based converter is other transformer based
isolated solution, which utilized in single phase PV applica-
tions. This converter is known for its simplicity and reduced
component count, is often chosen for applications where isola-
tion and high step-up ratios are essential. While cost-effective
and efficient, it may face challenges in EMI [53]. One push
pull based converter with Three Winding Transformer (3WT)
has been illustrated in Fig. 3(c) [54]. This configuration’s
primary benefit lies in its capacity for achieving a high voltage
gain, operating with ZVS, and offering a wide operational
range suitable for applications like PV microconverters.

A half-bridge converter finds wide application in motor
drives, power supplies, battery chargers, and renewable en-
ergy systems. Similar to forward and push-pull converters,
it can generate variable output voltages and offer electri-
cal isolation. Despite its more intricate design compared to
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forward or push-pull converters, the half-bridge converter
delivers greater output power using fewer and cost-effective
components [55]. Ref. [56] (Fig. 3(d)) explored an effi-
cient quasi-resonant boost half-bridge dc—dc converter for PV
micro-inverters, with a wide input voltage range. The design
optimized conversion using a voltage doubler and snubber ca-
pacitor, eliminating DC-magnetizing currents in transformers.
Employing quasi-resonance in switches and diodes achieved
ZVS, minimizing turn-off losses.

The isolated Full-Bridge (FB) converters, which is another
transformer based solution, offers improved efficiency and
reduced stress on components compared to its half-bridge
counterpart. Its full-bridge configuration allows bidirectional
power flow, making it suitable for applications demanding
higher power density [57]. In [58], which demonstrated in
Fig. 3(e), a current fed FB with wide input voltage range has
been presented. The voltage spike throughout this converter
has been decreased because of using clamp capacitor.

Resonant converters, notably the LLC type, are gaining
attention for their outstanding performance [59], [60], [61],
[62], [63], [64]. Their benefits and drawbacks vary based on
application needs like power density, efficiency, cost, com-
plexity, and reliability [65]. The LLC converter, with low
EMI, high power density, and ZVS capability in switches,
is particularly favored. In high-step-up PV applications, LLC
resonant converters operating at resonant frequencies are
preferred for efficient power conversion [66]. Nevertheless,
integrating additional components leads to increased magnetic
loss, costs, and complexity within these converters. In [67]
(Fig. 3(f)), a resonant dc-dc converter was created with the
aim of attaining input currents devoid of ripples. Through the
maintenance of a consistent duty cycle and the incorporation
of a resonant circuit on the secondary side, this converter
reduces turn-off currents and minimizes switching losses, ul-
timately enhancing efficiency.

IIl. COMPARISON METHODOLOGY OF ISOLATED
SOLUTIONS

In this section, a comprehensive comparison of solutions
depicted in Fig. 2 is conducted using a methodology that
considers key parameters such as follows:

1) Capacitor size

2) Magnetic size

3) Primary side switch voltage stress

4) Primary side semiconductor conduction losses

5) Switching losses

The design parameter of comparison for all converters has
been indicated in Table 3.

Capacitor size impacts energy efficiency, inductor size
influences energy transfer, and high frequency transformer
dimensions, which are magnetic elements, affect overall sys-
tem size and efficiency. Analysis of relative conduction and
switching losses of semiconductors provides insights into
system efficiency and control mechanisms. Additionally, eval-
uating primary side switch voltage stress informs about
component reliability. In a very general case, the fundamental

VOLUME 5, 2024

TABLE 3. Design Parameter of Comparison for All Converters

Parameters Value
Input voltage range (V) 20V-60V
Output voltage (V,) 350 V
Maximum rated power (P,) 400 W
Switching frequency 50 kHz
Maximum input current 10 A
Maximum input current ripple 15 %
Maximum voltage ripple of capacitors 3%

waveforms of a converter are independent of the selection
of components and electric parameters (e.g., switching fre-
quency, selected semiconductors) and result from the basic
modulation scheme, yielding some general requirements for
the dimensioning of the components [68]. This approach of-
fers a nuanced understanding of the strengths and weaknesses
of each solution, aiding engineers and researchers in optimiz-
ing these converters for diverse applications. It was applied in
some other research works [69], [70].

A. MAGNETIC AND CAPACITORS SIZE COMPARISON

For comparing capacitor and magnetic sizes among the
solutions, a methodology relies on calculating the total accu-
mulated energy in these elements. This quantitative approach
evaluates their energy storage capacities, providing insights
into efficiency. The analysis also considers total conduction
power loss, offering a holistic perspective on how effectively
each solution manages power flow through these components.
Therefore, the following equations has been utilized:

1 2
> Eo =56V’ (1)
i=1
- 1
> Er; = 5Ll )

In the above equations, Ec, Er, V¢, I, n and m are respec-
tively the accumulated energy in capacitors and inductors, the
voltage across the capacitors, the current through the induc-
tors, number of capacitors and number of inductors.

B. PRIMARY SIDE SWITCH VOLTAGE STRESS COMPARISON
To compare the primary side switch voltage stress (Vyyess) of
switches, a normalized parameter called the Voltage Stress
Ratio (VSR) can be used as follows:

VS[ ress

VSR =

3)
out

This ratio provides a comparative measure that considers
the impact of the voltage stress relative to the output voltage.
A lower VSR indicates that the primary side switch voltage
stress is a smaller proportion of the output voltage, which
can be useful for evaluating the stress level on the switch in
relation to the desired output voltage.
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C. PRIMARY SIDE SEMICONDUCTOR CONDUCTION
LOSSES COMPARISON
The primary side semiconductor conduction losses in men-
tioned converters are compared based on normalized param-
eter known as the Conduction Loss Ratio (CLR). The CLR
is expressed as the ratio of the conduction losses to the total
power:
CLR = ondeuion (4)
P()M[

In (4) P,y is the total power of the converter and Pconduction
represents the total conduction losses in the primary side semi-
conductor devices that define as follows:

N

Peonduction = Z ROHII%MSi' (5)
i=1

Igys is the Root Mean Square (RMS) current flowing
through the semiconductor device during conduction, and R,
is the ON-state resistance of the semiconductor device.

D. SWITCHING LOSSES COMPARISON

The switching loss ratio (SLR) is defined as the ratio of the
switching losses to the total power for this comparison as
follows:

Pswitching

SLR = (6)

out
The switching losses (Pgyirching) 0ccur during both turn-on
and turn-off events are influenced by semiconductor parame-
ters such as the switching frequency, device capacitances that
we assume to be similar to all compared solutions, while the
voltage and current waveforms during switching are define by
the selected topology and are expressed as follows:

Ns
SL = Z <f5,‘ . f)s,‘) . (7)

i=1 T

In (7), the average of the product vs; and ig; throughout
a fundamental period T serves as an appropriate indicator
for assessing switching losses. Besides, SLR provides a com-
parative measure for evaluating how efficiently the converter
handles switching losses relative to the total power. Based on
the mentioned specification for methodology of comparison,
the converters presented in Fig. 3 from each family of isolated
converter has been compared with each other that is indicated
in Fig. 4.

The comparison performance of each converter separately
has been illustrated in Fig. 5. It is essential to emphasize that
this comparative analysis is specifically implemented with an
output power set at 400 W. The input voltage ranges between
20 V and 50 V, with a consistent switching frequency of
50 kHz, while the output voltage is maintained at a constant
350 V. To ensure a comprehensive and fair comparison, not
only is the output power standardized, but the duty cycle and
other dynamic switch configurations are also kept consistent
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FIGURE. 4. Overall comparison of the isolated converters form each family
based on key parameters.

across all converters. It’s worth noting that isolated high-
step-up converters typically incorporate a voltage multiplier
rectifier on their secondary side, a common feature among
most isolated converters.

As a result, specifications related to the secondary side,
such as the voltage stress of diodes and conduction losses,
have been omitted from this comparison. This intentional ex-
clusion allows us to focus specifically on the primary aspects
influencing performance, providing a standardized basis for
evaluating the efficiency and effectiveness of the convert-
ers. This meticulous approach ensures that the comparison
is not only fair but also comprehensive, enabling a detailed
examination of the converters’ performance under consistent
conditions.

In general isolated converters have been extensively em-
ployed across different power levels, frequently as adaptations
of non-isolated converters [71] and [72]. As previously noted,
DC-DC converters featuring galvanic isolation can be clas-
sified based on the energy transmission element as either
transformers or coupled inductors [26]. Even though both
transformers and coupled inductors share the commonality
of having multiple windings on a magnetic core, their oper-
ational principles and roles in switching converters exhibit
significant variations [73]. Transformers are the favored op-
tion for achieving galvanic isolation due to their noteworthy
power density, making them a popular choice for high-power
applications. Conversely, converters based on coupled in-
ductors present a more efficient solution characterized by a
smaller size and weight. Moreover, they find common use in
applications with lower power requirements [74].

IV. EXPERIMENTAL EXAMPLE OF ISOLATED DC-DC
CONVERTERS

To validate the comparison methodology, a series of ex-
periments with various configurations was conducted in the
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FIGURE. 5. Performance Comparison of the isolated converters, (a) Flyback based converter [47], (b) Forward based converter [52], (c) Push-pull based
converter [54], (d) Half-bridge based converter [56], () Current-fed FB with clamp capacitor [58], and (f) Current-fed resonant converter [67].
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FIGURE. 6. The experimental prototype of the isolated converters, (a) Flyback based converter, (b) FB based converter.

laboratory. In this specific comparison, the flyback converter
was chosen from the family of isolated converters due to its
reliance on the coupling inductor. Similarly, the full-bridge
converter, selected from the same family of isolated convert-
ers, was chosen based on its use of a transformer. Moreover,
Fig. 6 illustrates the experimental prototypes of each con-
verter.

It’s crucial to emphasize that the flyback converter show-
cased in this study was meticulously designed for PV mi-
croinverter applications and includes additional components
because of its performance [45]. However, for a fair and
focused comparison, only the DC portion of the flyback
converter was considered. This deliberate choice enables
a comprehensive and equitable evaluation of the essential
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aspects pertinent to the comparison. The parameter speci-
fications for both converters are provided in Table 4. Both
converters underwent testing with an input voltage range of
20-60 V and a power rating of 400 W. The experimental
waveforms for both the flyback-based high step-up converter
and the full-bridge (FB) based converter are presented in
Fig. 6. It is crucial to note that these waveforms were ob-
tained with an input voltage fixed at 40 V and a constant
output voltage of 350 V. In Fig. 7(a), the waveforms for input
voltage (V,), output voltage (V,,,), and input current of the
FB-based converter are displayed. Notably, the input current
ripple content is approximately 20 %, indicating an acceptable
level for this type of converter. Fig. 7(b) depicts the voltage
and current waveforms of the main switches of the FB-based
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FIGURE. 7. Experimental measurement of the isolated dc-dc converters, (a) Input voltage (Vi,), output voltage (V,,¢) and input current of FB based
converter, (ii,) waveforms, (b) current and voltage waveforms of switches S; and S, of FB based converter, (c) current and voltage waveforms of diode D,
and D, of FB based converter, (d) Input voltage (V;,), output voltage (V,.¢) and input current (i;,) of flyback based converter, (e) current and voltage
waveforms of switches S; and S, of flyback based converter, (f) current and voltage waveforms diodes D; and D, of flyback based converter.

TABLE 4. Specification of the Isolated Converters

Parameters Value/Type
Flyback based FB based
Transformer core ETDA49 ETD54
Input inductor - 220 uH
Magnetic inductance 60 uH 870 uH
Leakage inductance 450 nH 1.7 uH
Decoupling capacitor 8 x 22 uF -
Capacitors Cp, C, - 22 uF, 10 uF

Semiconductor elements
Switches S;..S4 - IPB0O48N15N5LFATMALI

Diodes Dos, Do;  [IDM05G120CSXTMA1 C6D08065G
Flyback switches IPBO44N15NSATMALI | IPB044N15NSATMAL
Operating point
Input V‘Elﬁfe range 20V-60V 20V-60V
Output voltage (V,) 350 V 350 V
Max1munz ;a)ted power 400 W 400 W
Switching frequency 60 kHz 60 kHz

converter. From this figure, it is observed that the voltage
stress on the two main switches is around 90 V, which is four
times smaller than the output voltage. Moving to Fig. 7(c),
the voltage and current waveforms of the voltage multiplier
rectifier diodes (D; and D) are illustrated. The voltage stress
on the output diode matches the output voltage, a typical char-
acteristic in converters of this kind. Switching our attention to
the isolated flyback converter, Fig. 7(d) showcases the input
voltage, output voltage, and magnetizing current waveforms.
A comparison with the FB-based converter reveals that the
input current ripple of the flyback-based converter is generally
higher. In Fig. 7(e), the voltage and current of switches S;
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and S are presented, indicating a maximum switch voltage of
around 120 V. In terms of voltage stress evaluation, although
each switch’s voltage stress in the FB-based converter is lower
than that of the flyback-based converter, the total voltage
stress in the FB-based converter is higher when compared
to the flyback-based converter. Finally, Fig. 7(f) exhibits the
voltage and current waveforms of the output diodes, revealing
that their voltage stress is twice as high as the output voltage.
While this may suggest high stress on the output diodes, it is
noteworthy that there are also flyback-based converters men-
tioned in previous studies [45], where the output diode voltage
stress aligns with the output voltage. In summary, the wave-
forms analysis indicates distinct performance characteristics
between the flyback-based high step-up converter and the FB-
based converter. The FB-based converter demonstrates lower
voltage stress on individual switches but higher total voltage
stress. The output diodes in the FB-based converter exhibit
higher stress, yet it’s important to recognize that similar stress
levels have been reported in certain flyback-based converters
according to prior studies [45]. Choosing between the two
converters depends on the specific application requirements
and observed waveform characteristics

In order to provide a thorough comparison between coupled
inductor-based and transformer-based structures, various key
performance aspects have been analyzed and presented in
Fig. 8(a)—(e) for both converters. These figures offer insights
into the efficiency curve, losses breakdown of the power cir-
cuit, and thermal characteristics of the main switches for both
FB based and flyback based converters.

In Fig. 8(a), the efficiency curve shows the performance
of the proposed converters across a range of output power
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levels, differing from light load to full load conditions. It is
evident from this figure that the FB based converter exhibits a
notably higher efficiency when compared to the flyback based
converter. Fig. 8(b) and (c) present a detailed breakdown of
losses within the power circuit for both converter types. The
analysis reveals that the predominant source of losses in both
converters is attributed to magnetic elements.
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converters for different numbers of assemblies.

This commonality underscores the intrinsic nature of losses
associated with these components. Notably, the Flyback con-
verter introduces additional losses in the form of snubber
circuit losses, which are conspicuously significant.

This observation raises considerations for optimizing the
snubber circuit design to mitigate its impact on overall ef-
ficiency. Furthermore, the temperature curves of the main
switches for each converter, as depicted in Fig. 8(d) and
(e), highlight the thermal characteristics under the specified
operating conditions. Based on this Figs, both converters
demonstrate satisfactory thermal performance in this sce-
nario, indicating that neither converter is adversely affected
by excessive heating issues. In Fig. 9, the cost comparison
between full-bridge and flyback converters reveals an interest-
ing insight. Despite the full-bridge converter showing higher
efficiency, the overall cost of the flyback converter is sig-
nificantly lower. In essence, while efficiency is undoubtedly
a critical factor in converter selection, the general consider-
ation of cost-effectiveness, proves the practical appeal and
widespread utilization of flyback-based converters across var-
ious industrial sectors.

This cost advantage is a key reason why flyback converters
are commonly preferred in various industrial applications.
The simplicity of the flyback topology, requiring fewer com-
ponents and offering straightforward implementation, con-
tributes to its cost-effectiveness. This economic advantage
makes flyback converters a widely adopted and practical solu-
tion in the industry for low power applications

A comprehensive evaluation has been conducted to com-
pare the flyback-based converter [45] with the FB-based
converter across various crucial parameters such as total volt-
age stress on primary switches, component count, volume,
size, power density, full load efficiency, and cost. The detailed
findings are summarized in Table 4, providing an insight-
ful overview of the performance characteristics of the two
converters. Fig. 10 further elucidates the comparison by pre-
senting the specifications of the Flyback-based and FB-based
prototypes. Upon careful examination of both the Table 5 and
the graphical representation in Fig. 10, it becomes evident
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FIGURE. 10. The specification of the comparison between the Flyback
based and FB based prototypes.

TABLE 5. Specification of the Two Converter Comparison

Topologies Flyback based converter | FB Based Converter
Power Density 1.97 kw/dm’® 1.78 kw/dm’®
Efficiency 92.3 % 94.89 %
Cost 91€ 105 €
Volume 188*111*28 mm’? 165%111*46 mm?*
Total Vpltage §tress 197 v 360 V
of primary side
Number of main 9 12
components

that the flyback-based converter exhibits superiority in several
aspects when compared to the FB-based converter. Despite the
high efficiency of the FB-based converter, it is noteworthy that
it incurs elevated costs and experiences increased total voltage
stress across the switches, unlike the flyback-based coun-
terpart. Notably, the flyback-based converter demonstrates a
favorable combination of high power density and a reduced
number of components, contributing to an overall cost reduc-
tion in the converter assembly.

In a comparative analysis between the flyback based con-
verter and the FB based converter, it is initially observed
that the flyback converter imposes a higher voltage stress
on a switch than the FB counterpart. However, considering
the number of switches, the overall voltage stress of the
full-bridge converter surpasses that of the flyback converter.
Additionally, alternative flyback converters, such as the one
presented in [47], demonstrate parity in voltage stress with
the full-bridge converter for individual switches.

Based on comprehensive theoretical analysis and the prac-
tical results showcased for converters within the transformer
and coupled inductor family, it is evident that several key
parameters must be considered for the effective deployment
of these converters in industrial applications. These crucial
parameters include, but are not limited to, the number of
elements, efficiency, and notably the cost. In the realm of in-
dustrial applications, the selection of an appropriate converter
structure demands a precise evaluation, taking into account
the complicated balance between these fundamental criteria.
Efficiency, cost-effectiveness, and the specific requirements
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of the intended application all play fundamental roles in de-
termining the optimal choice. This consideration is superior in
achieving not only optimal performance but also cost-efficient
and sustainable solutions for different industrial applications.

V. CONCLUSION

This paper presented a comprehensive evaluation of isolated
high step-up dc-dc converters, emphasizing their applicabil-
ity in distributed generation systems powered by renewable
energy sources. The overview of competitive solutions high-
lights the importance of power electronic structures in incor-
porating renewable energy into the power grid, emphasizing
their widespread and rapidly expanding usage. Through a
comparative analysis, key parameters such as voltage conver-
sion ratio, semiconductor element voltage stress, component
size, and conduction and switching losses are considered.
The selected configurations are also assessed in terms of cost
estimation and financial feasibility. The investigation aims to
guide researchers in identifying suitable isolated topologies
with wide input voltage ranges and galvanic isolation for
future research directions.

The comparison methodology is provided as systematic
approach, considering capacitor and magnetic sizes, pri-
mary side switch voltage stress, primary side semiconductor
conduction losses, and switching losses. The experimen-
tal examples of isolated dc-dc converters, specifically the
flyback-based and full-bridge-based converters, validate the
methodology and showcase distinct performance characteris-
tics between the two.

The efficiency curve, losses breakdown, thermal char-
acteristics, and cost comparison provide a comprehensive
understanding of the trade-offs between the flyback and FB
converters. Despite the higher efficiency of the FB converter,
the cost-effectiveness of the flyback converter, attributed to its
simplicity and fewer components, demonstrates its practical
appeal in various industrial applications.

In conclusion, based on the comparative analysis and ex-
perimental validation, the paper recommends considering
specific application requirements when choosing isolated high
step-up dc-dc converters. The findings emphasize the im-
portance of balancing efficiency and cost-effectiveness for
practical implementation in distributed generation systems us-
ing renewable energy sources.
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