
Received 27 July 2023, accepted 17 August 2023, date of publication 21 August 2023, date of current version 28 August 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3306960

Development of a High-Gain Step-Up DC/DC
Power Converter With Magnetic Coupling for
Low-Voltage Renewable Energy
RUIHONG DU 1, VAHID SAMAVATIAN 2, MAJID SAMAVATIAN 3, TOMAS GONO 4,
AND MICHAŁ JASIŃSKI 4,5, (Member, IEEE)
1Baoding Technical College of Electric Power, Baoding, Hebei 071051, China
2School of Electrical Engineering, Sharif University of Technology, Tehran 11356-8260, Iran
3Department of Advanced Materials and Renewable Energy, Iranian Research Organization for Science and Technology (IROST), Tehran 33535-1111, Iran
4Department of Electrical Power Engineering, Faculty of Electrical Engineering and Computer Science, VSB-Technical University of Ostrava, 708-00 Ostrava,
Czech Republic
5Department of Electrical Engineering Fundamentals, Faculty of Electrical Engineering, Wrocław University of Science and Technology, 50-370 Wrocław, Poland

Corresponding author: Vahid Samavatian (vahid.samavatian@sharif.edu)

This work was supported by the Studentská grantová soutěž (SGS) Grant from VSB-Technical University of Ostrava under grand number
SP2023/005.

ABSTRACT There exists an extensive range of applications for elevated gain DC/DC converters, as numer-
ous low-voltage resources are exploited for power supply. Therefore, this study introduces a groundbreaking
magnetically coupledDC/DC converter specifically designed for resources with low voltage, includingmicro
PV or fuel cell systems. By enduring low current and voltage stresses, the power devices in this converter
ensure remarkable efficiency while maintaining proven voltage ratio capability. The operational principles
of the converter are thoroughly discussed and supported by the implementation of a 200W-400V prototype.
In order to confirm the effectiveness of the converter, a range of experimental tests were carried out in
different scenarios, confirming its dependable functionality. This novel converter opens up new possibilities
for harnessing the potential of low-voltage resources, offering an efficient and reliable solution for power
conversion. The research yields a substantial advancement in renewable energy systems, showcasing the
practicality and efficiency of the proposed converter in real-life scenarios, with the suggested converter
achieving a remarkable 94.3% maximum efficiency during voltage transfer. The MATLAB software serves
as the principal tool for conducting primary simulations and formulating the design equations for the circuit.

INDEX TERMS DC/DC converter, elevated gain, low input current, magnetically coupled.

NOMENCLATURE
Ae Effective cross-section of magnetic core.
Ap Product areas of magnetic core.
Aw Effective window area of magnetic core.
Bmax Maximum flux density of core.
CS Snubber capacitor.
CSQ Maximum current stress of MOSFETs.
D Duty cycle.
fs Switching frequency.
G Voltage transfer ratio.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ching-Ming Lai .

G1or2 Gating signals.
Ig Input current.
iL(t) Instantaneous current of inductor.
IL1, IL2 Primary current of transformers 1 and 2.
Iout Output current.
Ipk Peak of inductor current.
Irms Effective current of transformer primary

windings.
J Current density.
L1 and L2 Inductance of transformer 1 and 2.
le Effective length of flux path in magnetic

core.
n Turn ratio of transformers.
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n1or2 Primary or secondary turns of winding.
Pcore Power loss of magnetic core.
PD Power loss of diodes.
PL ESL power loss of inductors.
Pout Output power.
PQC Conducting power loss of MOSFETs.
PQS Switching power loss of MOSFETs.
RL Load resistance.
rL1or2 Equivalent primary resistance of trans-

former 1 and 2.
rQ1or2 On-state resistance of the MOSFET 1 and 2.
RS Snubber resistor.
Tf 1or2 Falling time of MOSFETs 1 and 2.
tr1or2 Rising time of MOSFETs1 and 2.
Ts Switching period.
vc(t) Instantaneous voltage of capacitor.
Vclamp Clamp voltage of RCD circuit.
Vcoutx Voltage of the xth output Capacitor.
Vcx Voltage of the xth Capacitor.
VD1toD8 Voltage of diodes.
Vg Input voltage.
VL1, VL2 Primary voltage of transformer 1 and 2.
VOR Reflected secondary voltage.
Vout Output voltage.
VSD Maximum voltage stress of diodes.
VSQ Maximum voltage stress of MOSFETs.
VSW1orSW2 Voltage of switches 1 and 2.
WA Wire cross section.
1I Maximum current ripple of inductor.
1V Maximum voltage ripple of capacitor.
µr Relative magnetic permeability.

I. INTRODUCTION
By ever growing renewable energy exploitation e.g. wind and
solar energies, use of power electronic converters have been
significantly extended to transform the different current and
voltage levels to a desired and a standard level. One popular
type of converter, known as DC/DC converters, has found
extensive utilization in numerous applications such as pho-
tovoltaic (PV) systems, wind turbines, and fuel cells. These
converters play a crucial role in transforming an unregulated
DC voltage into a regulated DC voltage [1], [2], [3], [4].
In industrial settings, the generated DC voltage level is
often considerably lower than what is typically required
for regular usage. In this regard, researchers have recently
concentrated on proposal of elevated gain boost DC/DC con-
verters [5], [6], [7], [8].
Elevated gain step-up DC/DC converters can be catego-

rized based on several different aspects including number
of active switches, isolation status, efficiency levels, boost-
ing techniques, etc., [9], [10], [11], [12], and [13]. Various
recent studies have focused on employing transformers with
high-turn ratio to prepare an elevated gain converter for
renewable energy [14], [15]. However, vital issues such as
high switch stress, higher leakage inductance, winding losses

and lower efficiency have been touched on [16]. Some costly
and complex controlling algorithms as well as additional
active switches for active clamping have been considered to
tackle these problems in [17], [18], [19], and [20]. As an
example in [21], Sigma converter has been proposed for
reducing voltage stress in the active semiconductors at the
expense of increasing the number of active switches. High
frequency transformers in switching converters have been
employed in order to increase the voltage conversion ration
while isolation can be guaranteed. In addition to the isolated
high-gain converters, non-isolated converters may employ
different techniques to reach a desired voltage ratio conver-
sion for ultra-low-voltage applications [10]. Some topologies
including the coupled inductor-based and switched capacitor
based have been significantly used in designing high gain
DC/DC converters [1], [22]. Single-, dual-coupled inductor
along with different boosting algorithms including voltage
multiplier, and clamp circuits have been extensively used
in DC/DC converters [23]. Although high gain capability
occurs with these techniques, input discontinuous or large
ripple current makes them encounter the accelerated fail-
ure or aging due to the large current stresses in the power
semiconductor [24], [25]. In this regard, Effective solu-
tions originating from current feeding techniques have been
sought to mitigate this problem in high gain DC/DC con-
verter [26], [27]. A soft switching included technique with a
single switch structure has been proposed in [28]. Elevated
voltage ratio, high efficiency, and low ripple input current
have been achieved. However, the topology may not be a
featured circuit for higher power applications in which the
power devices should endure high current stresses leading to
lower efficiency. The cross coupled inductors, as a solution,
has been adopted to optimize the current stresses of the
switches by applying additional power semiconductor [29].
In this structure, the current stresses can be minimized
at the expense of the considerable source current ripple
which may directly affect the converter’s electromagnetic
compatibility.

Not only does exploiting the interleaved topologies sup-
press the ripple of the input current, but increases the capabil-
ity of the transferring higher power by diminishing the input
current stresses [30]. Furthermore, magnetic component size
will be decreased which subsequently lead to power density
increase [31]. The quantity of components in transformer-
based interleaved topologies is a significant disadvantage
that contributes to increased converter costs and larger
size.

This paper presents a novel structure for achieving high
voltage ratios in boost DC/DC power converters, leveraging
the benefits of various boosting techniques to enhance overall
performance. The proposed converter introduces several key
contributions that set it apart from previous methods.

Firstly, the converter incorporates a two-phase interleave
inductor configuration, along with quasi switched capacitor
and voltage multiplier stages. This combination enables the
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FIGURE 1. Schematic of the proposed elevated boost DC/DC power
converter using multiphase input for suppressing the input current ripple
with 180o phase shifted gate signals.

converter to achieve elevated voltage ratio conversion, sur-
passing the capabilities of conventional approaches.

Secondly, the interleaved technique contributes to reducing
the input current ripple. By mitigating pulsating power drawn
from the input source, this feature significantly extends the
useful lifetime of the input source.

Another noteworthy advantage of the proposed converter is
its utilization of a common ground among the input, output,
and active switches. This configuration results in lower com-
mon noise and improved gate driving, enhancing the overall
stability and performance of the converter.

In summary, the main contributions of this paper lie in the
development of a new structure that enables high voltage ratio
conversion, the incorporation of interleaved techniques for
reduced input current ripple, and the utilization of a common
ground for improved noise performance and gate driving.
These advancements highlight the superiority of the proposed
method and pave the way for more efficient and reliable high
voltage ratio step-up DC/DC power converters.

Within the confines of this study, it is imperative to
acknowledge two prominent limitations: the absence of an
in-depth exploration into cost implications and the omission
of a comprehensive reliability assessment. However, it is
vital to underscore that our research impetus emanates from
the innovative proposition of a novel topology, characterized
by its remarkable efficiency and exceptional voltage ratio,
thereby encompassing a broader aspiration within the realm
of high-gain step-up DC/DC power converters tailored for
low-voltage renewable energy applications.

The following sections of the paper are as follows:
Section II deals with an explanation of the fundamental oper-
ating principle of the converter of interest. Section III focuses
on the circuit design aspects, while Section IV presents the
experimental results obtained from the implemented con-
verter. The paper concludes with a summary and concluding
remark in the last section.

II. OPERATION PRINCIPLE
Fig. 1 demonstrates the schematic of the introduced high
voltage transfer ratio DC/DC converter. As it can be seen,

FIGURE 2. The essential waveforms of the DC/DC converter are as
follows. Both active switches operate with an equal duty cycle but are
phase-shifted by 180o degrees to leverage the advantages of the
interleaved technique. There exist three different operating modes.

there exist two parallel input paths which finally reach each
other in series via different stepping up techniques. In order to
optimize the impact of the magnetic circuit on enhancing the
output voltage, a pair of coupled inductors has been utilized.
The turn ratio is defined as n=n2/n1. Two capacitors i.e. C1
and C2 have been employed to constitute the switched capac-
itor method. As the last stage of voltage gaining, a voltage
multiplier is supplied through the secondary side of the cou-
pled inductors. The components indices and their polarities
are indicated in the figure.

A. OPERATION STATE
The proposed converter has been controlled with phase
shifted gate controlling signal for reducing the input current
ripple. The steady state operation waveforms for a specific
operating point is depicted in Fig. 2. The first two traces in
this figure are related to the binary activation signals of Q1
and Q2 as the main active power semiconductors. The PWM
gate controlling signals have the same switching frequency
(fsw) and duty cycle (D). The difference between the Q1
and Q2 gate signals is the 180o delay, i.e. Tsw/2, in Q2 gate
signal in order to take the advantage of interleaved pattern for
minimizing the input current pulsating. By manipulating the
duty cycle of the switches, the converter can attain a desired
voltage transfer ratio. As shown in Fig. 2, there exist three
different operating modes corresponding to the switching
state of the active devices. These modes of operating shown
in Fig. 3 are discussed as follows.
Mode I: in this operatingmode as illustrated inFig. 3a, both

switches turn and keep on (overlapped). Thus, the magnetiz-
ing inductors are being charged through the active switches
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FIGURE 3. The converter of interest can be represented by an equivalent
circuit in different operating modes: a) Mode I, b) Mode II, and
c) Mode III.

and the input voltage. Since two parallel paths are included at
the input, the input power supply may tolerate less pulsating
current extraction which can improve its performance and
reliability. The output capacitors, namely Cout1 and Cout2, are
charged through the capacitors C3 and C4 and the secondary
windings of their associated coupled inductors, respectively.
Simultaneously, the output load is supplied with all three out-
put capacitors at the output. During this specific time period,
the charging of capacitors charges through the discharge of
capacitors C3 and C4.
Mode II: in this mode of operation as illustrated in Fig. 3b,

Q1 is continuously on while Q2 is off. The inductor L1
continues its charging from the input power supply Vg. How-
ever, the inductor L2 discharges its absorbed energy via two
different paths. In the first path, the input voltage as well as

the inductor L2 charge the capacitor C2 via D3 and Q1. In the
second path, the input voltage, the inductor L2 as well as the
capacitor C1 charge the capacitor Cout3 via D2. The secondary
winding of inductor L2, facilitated by diode D7, enables the
charging of capacitor C4. Similarly, the charging of output
capacitor Cout1 charges via the secondary part of inductor L1
as well as capacitors C3. Throughout this time interval, all the
output capacitors contribute to supplying the output energy.
Mode III: in this operating mode as depicted in Fig. 3c,

Q2 turns on while Q1 turns off. The input power supply Vg
continues the inductor L2 charging. However, the inductor
L1 discharges its absorbed energy via two different paths.
In the first path, the input voltage as well as the inductor L1
charge the capacitor C1 via D1 and Q2. Through the second
pathway facilitated by diode D4, capacitor Cout3 receives its
charge from the input voltage, inductor L1, and capacitor C2.
Capacitor C3 gets charged through diode D5 by inductor L1.
Similarly, the charging of output capacitor Cout2 is achieved
through the use of capacitors C4 and inductor L2. During this
specific time interval, all the output capacitors are actively
providing the output energy.

B. VOLTAGE GAIN DERIVATION
In this section, For analyzing the continuous conduction
mode (CCM) operation will be discussed. In this case, one
can assume that the ripple of the inductor currents are not
as high as reaching zero current in their discharging mode.
Therefore, Fig. 2 and Fig. 3 do not introduce any additional
operating modes. With the assumption that output capacitors
are high enough to supply the output energy during the normal
operating, three states can be defined for describing the circuit
as follows.

1) STATE I
In this state, inconsidering the turning off delay of the power
MOSFETS (Q1 and Q2), both active switches are on. Accord-
ingly, following equations can be derived for the magnetizing
inductors voltages:

VL1 = VL2 = Vg (1)

where Vg is the input voltage. The capacitors voltages are
given as follows in this state:

VCout1 = nVL1 + VC3 = nVg + VC3
VCout2 = nVL2 + VC4 = nVg + VC4
Vout = VCout1 + VCout2 + VCout3 (2)

where n=n2/n1 is the turn ratio of the coupling inductors.

2) STATE II
Switch Q2 turns off in this state while the switch Q1 is still on.
Regarding Fig. 2 and Fig. 3 which are showing the essential
waveforms and the equivalent circuit, inductors’ voltages are
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given by

VL1 = Vg
VL2 = Vg − VC2 (3)

The voltages across the capacitors can be determined in the
following manner:

VC3 = n(Vg − VC2)

VCout3 = VC1 + VC2
Vout = VCout1 + VCout2 + VCout3 (4)

3) STATE III
In this state, switch Q1 turns off while the switch Q2 is still on.
Regarding Fig. 2 and Fig. 3 which are showing the essential
waveforms and the equivalent circuit, the inductors’ voltages
are given by

VL1 = Vg − VC1
VL2 = Vg (5)

The capacitors voltages can be derived as follows:

VC4 = n(Vg − VC1)

VCout3 = VC1 + VC2
Vout = VCout1 + VCout2 + VCout3 (6)

Considering the equations mentioned above, one can obtain
the voltage transfer ratio by considering the principle of
voltage-second balance [1] to the inductors, as shown in
equations (1), (3), and (5):

DVg + (1 − D)(Vg − VC1) = 0 → VC1 =
Vg

1 − D

DVg + (1 − D)(Vg − VC2) = 0 → VC2 =
Vg

1 − D
(7)

In which D represents the duty cycle of the active devices.
Considering a constant voltage for the capacitor and handling
(2), (4) and (6), capacitors’ voltages yield as follows:

VC3 = n(Vg − VC2) = nVg(1 −
1

1 − D
) =

nDVg
1 − D

VC4 = n(Vg − VC1) = nVg(1 −
1

1 − D
) =

nDVg
1 − D

(8)

And

VCout1 = nVg + VC3 = nVg(1 +
D

1 − D
) =

nVg
1 − D

VCout2 = nVg + VC4 = nVg(1 +
D

1 − D
) =

nVg
1 − D

VCout3 = VC1 + VC2 =
2Vg
1 − D

(9)

The voltage at the output terminal is derived as follows:

Vout = VCout1 + VCout2 + VCout3 =
2nVg
1 − D

+
2Vg
1 − D

= 2Vg(
1 + n
1 − D

)

G =
Vout
Vg

= 2(
1 + n
1 − D

) (10)

FIGURE 4. The voltage gain of the converter of interest can be
represented as a function of two parameters: the turn ratio of the coupled
inductor and the duty cycle. This relationship can be visualized through
a) a three-dimensional plot, and b) a projected two-dimensional plot.

Regarding the equations mentioned above, output voltage is
obviously impressed by two separated parameters i.e. D and
n. To provide a clearer understanding, the voltage ratio (VR)
is depicted in Fig. 4a, showcasing its dependence on both
turn ratio of the magnetically coupled inductors and the duty
cycle. The turn ratio (n) plays a key role in considering the
value of the voltage transfer ratio in the converter. Regarding
the application and the required voltage conversion ratio,
n=n2/n1, can be chosen in the predesign stage of the power
converter.

In Fig. 4b, the voltage transfer ratio is depicted with the
duty cycle variation and with the turn ratio (n) taken into
account as a parameter. The voltage gain of the converter
of interest demonstrates a significant increase as the duty
cycles of the switches are increased. This observation reflects
the fact that an increase in duty cycle (D) results in more
energy being stored in the input coupled inductors, leading
to a higher energy transfer to the load. Moreover, the turn
ratio of the inductors directly influences the voltage transfer
ratio. A higher turn ratio corresponds to a higher voltage
conversion ratio. Since the turn ratio is predetermined as a
design parameter, the voltage at the output can be adjusted
by manipulating the duty cycles of the active switches (Q1
and Q2) while accounting for variations in the load and input
voltage. Thus, the duty cycle can be tuned to alleviate for the
effects of variations in the input voltage and load.
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TABLE 1. Performance comparison of different topologies.

C. VOLTAGE AND CURRENT STRESSES
The maximum voltage stress (VS) experienced by the active
switches has a crucial role in determining the performance of
the switching converter. In the primary design stage, gaining
information about the maximum voltage stress is important in
MOSFET selection and affects the final cost of the whole sys-
tem. Secondary, the maximum stress voltage directly impacts
the efficiency of the converter. In simpler terms, achieving
a lower maximum voltage stress on the active switch leads
to higher efficiency. Therefore, it is significant to estimate
the maximum voltage stress experienced by the switches.
Regarding Fig. 2 and Fig. 3, one can find that that the
maximum blocking voltage can be obtained as the following
equation:

VSQ1,Q2 =
Vg

1 − D
= Vg

G
2(1 + n)

(11)

and for the power diodes are calculated as

VSD1,D3 =
2Vg
1 − D

= Vg
G

(1 + n)

VSD2,D4 =
Vg

1 − D
= Vg

G
2(1 + n)

VSD5−D8 =
nVg
1 − D

= Vg
nG

2(1 + n)
(12)

The maximum current stresses (CS) of the active devices,
namely Q1 and Q2 are important in the MOSFET selection

process as the most important active component in DC/DC
converter. Based on Fig. 2 and the aforementioned equa-
tions, the current stress on the switches can be determined
as follows:

CSQ1,Q2(avg) =
DGIout

2

CSQ1,Q2(rms) =
GIout
2

√
1 +

(
1
3

) (
1iL1,L2
GIout

)2

(13)

D. PERFORMANCE COMPARISON OF THE PROPOSED
CONVERTER
Investigation of the various aspects of the converter may
be helpful to express its advantages. In this regard, two
important factors, namely voltage transfer ratio (G) and
maximum voltage stress (VS) of the active devices, will be
discussed. Hence, this comparison encompasses diverse ele-
vated DC/DC power converters, as well as the conventional
DC/DC boost converter. Table 1 presents the specifications
of these high-gain DC/DC power converters. It is evident that
the proposed converter stands out by offering a significantly
reduced the input current ripple, thanks to the interleaved
technique. Interestingly, some of the converters mentioned
in the list exhibit higher input current despite employing a
larger number of active switches. In the converters in which
single active switch was used, the amount of current ripple
at the input stage is significant which finally may accelerate
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FIGURE 5. Characterization of recent converters including the proposed
one, a) voltage ratio, b) voltage stress of the active switches with respect
to the input voltage.

the degradation of the input supply. Additionally, the active
switches are common ground which make the gate driving
circuit as simple as possible. In the high-gain DC/DC con-
verter design that is proposed, two common ground switches
are present. When referring to Table 1, it becomes evident
that the gain of the converter of interest surpasses that of
the majority of other high-gain converters. This observation
is further supported by Fig. 5a, which visually represents
the voltage ratio of the compared high-gain converters. The
turn ratio was considered as n=1:2. The proposed converter
demonstrates the feasibility of providing high gain transfer
ratio compared to other recent topologies. For D<0.6, the
converter is leading in regards of voltage transfer ratio, while
the proposed converter in [32] shows better performance
beyond duty cycle of 0.6. As depicted in Fig. 5b, the per-
formance of the converter regarding the induced stress on the
devices surpasses that of other recently proposed converters.
This indicates that, for a given voltage transfer ratio, the
voltage stress on the active switches is minor comparing with
others. In other words, one can choose a lower voltage power
switch which can significantly decrease the cost. Further-
more, the lower voltage stress of the active devices results
in improved efficiency.

III. CIRCUIT DESIGN
Design considerations and equations of power converters
are crucial aspects that significantly influence their overall
performance. These factors not only impact the converter’s
efficiency but also play a vital role in mitigating potential

issues like electromagnetic interference, which can affect the
proper functioning of other electronic devices in the vicinity.
In the initial stage of circuit design for power systems, it is
essential to take into account the specific application require-
ments and relevant industry standards. These considerations
set the foundation for creating a reliable and effective power
converter that meets the desired specifications. One of the
critical aspects in designing power converters is determining
the appropriate values of inductances and capacitances for
various components within the circuit. To achieve this, careful
consideration is given to the current ripples for inductors and
voltage ripples for capacitors. By analyzing and understand-
ing these ripples, engineers can select suitable inductance
and capacitance values that will result in stable and efficient
converter operation. Consequently, meticulous design con-
siderations, incorporating equations and an in-depth analysis
of current and voltage ripples, are essential in the successful
development of power converters.

A. COUPLED INDUCTOR DESIGN
In Fig. 2, a particular scenario is depicted, showing the
behavior of input inductors during the switch activation
period. Understanding these voltage characteristics is cru-
cial as it helps engineers to optimize the performance of
the converter during the switching process. By analyz-
ing the voltage behavior of input inductors, designers can
make informed decisions regarding component selection and
switching strategies, thereby enhancing the converter’s over-
all efficiency and performance. Thus

L1
diL1
dt

= L2
diL2
dt

= Vg (14)

Accordingly, one can calculate the inductance of the input
inductors as follows:

L1 = L2 =
VgD
fs1I

(15)

where fs denotes the switching frequency and 1I represents
the maximum allowable inductor current ripple.

Since the values of inductances of the coupled inductors
have been determined, it becomes feasible to calculate other
crucial parameters essential for their successful design and
implementation. One such critical parameter is the number of
turns in each coil, particularly the number of primary turns,
which significantly influences the overall performance of the
coupled inductor. The calculation of the number of primary
turns is of great significance as it directly affects the mag-
netic flux linkage and the transformation ratio of the coupled
inductor. To calculate the number of primary turns (n1) in the
coupled inductor, certain design considerations must be taken
into account. The primary objective is to achieve the desired
inductance and ensure efficient power transfer. The following
mathematical relationship is employed for this purpose:

n1 =
L1or2Ipk
AeBmax

(16)
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In the context of coupled inductors, the Ipk represents the
peak current flowing through the primary side of these inter-
connected inductors, measured in Amperes. The parameters
Ae and Bmax correspond to the effective cross-sectional area
of the magnetic core (extracted from core datasheet, here
is ETD34/17/11), measured in square meters, and the flux
density, and measured in Teslas, respectively. The magnetic
permeability of the core can be determined using the follow-
ing equation:

µr =
L1or2ℓe
n21Aeµ0

ℓg ∼=
ℓe

µr
(17)

where ℓe and ℓg denote the effective magnetic path of the
core (extracted from core datasheet) and the necessary air gap
introduced to prevent saturation. The wire cross section (WA)
can be calculated as

WA =
Irms
J

(18)

where Irms symbolizes the root mean square current flow-
ing through the winding, and J denotes the current density,
a parameter taken as 4.5 Amperes per square millimeter. Dur-
ing this critical phase, the suitability of the chosen magnetic
core is assessed by calculating the product of areas (Ap).
This analysis ensures the coupled inductor design meets the
desired performance and efficiency for various applications.

AP = AeAw =

L1Ipk
2∑
i=1

ni
n1
Irms,i

BmaxJk
(19)

where the filling factor k is assigned a value of 0.7 for this
particular design. The calculated product of areas (AP) is then
compared to the product areas specified in the datasheet. The
design process concludes once the comparison is completed,
ensuring that the desired criteria and requirements have been
met, namely AcalculatedP < AdatasheetP .

B. CAPACITOR DESIGN
In the domain of DC-DC converter design, capacitor charge
balance analysis emerges as a fundamental and widely
applied technique for determining optimal capacitance values
while adhering to prescribed constraints. Specifically, this
method plays a pivotal role in calculating suitable capacitance
values for output capacitors, which are vital components
responsible for the reliable supply of output current during
their discharging mode. Mathematically, the output capacitor
charge balance equations are expressed as follows:

Cout1
dvCout1
dt

= Cout2
dvCout2
dt

= Iout

Cout3
dvCout3
dt

= Iout (20)

FIGURE 6. A transformer sandwich structure was devised in the design to
minimize the leakage inductance of the inductor. This approach aims to
address electromagnetic interference (EMI) concerns and reduce voltage
ringing on the MOSFET.

Therefore, the computation of the output capacitance is
accomplished as follows:

Cout1 = Cout2 =
PoutD

Vout fs1V

Cout3 =
Pout (2D− 1)
Vout fs1V

(21)

In this context, the term 1V refers to the acceptable volt-
age ripple, while Pout signifies the output loading power.
It becomes evident that as the output power rises, the demand
for larger capacitors becomes imperative to effectively deliver
the desired output voltage within the permissible voltage
ripple limits. The relationship between output power and
capacitor size is intricately intertwined with the need to main-
tain stable voltage levels during load variations. As the output
loading power increases, so does the magnitude of the voltage
fluctuations. Consequently, larger capacitors are indispens-
able to counteract these fluctuations and preserve the output
voltage within the predefined voltage ripple tolerance.

C. SNUBBER CIRCUIT DESIGN
In the realm of power DC/DC converter design, a critical
factor to be mindful of is the configuration of the snubber
circuit. The primary objective of this circuit is to allevi-
ate the occurrence of voltage spikes across the MOSFETs,
which stem from the accumulation of energy in the leakage
inductance of the inductors. The presence of such voltage
spikes necessitates the implementation of effective measures
to ensure both the proper functionality and reliability of
the converter. A paramount approach to address this issue
involves the mitigation of the leakage inductance in the
inductor. To achieve this, the implementation of a sandwich
magnetic structure (as depicted in Fig. 6) has been identified
as a promising solution. By adopting this methodology, the
undesired effects of leakage inductance can be significantly
minimized, leading to improved performance and enhanced
operational robustness of the DC/DC converter system.

A consolidated approach involving the utilization of an
RCD (Resistor-Capacitor-Diode) snubber circuit presents a
compelling strategy for dissipating the stored energy stem-
ming from leakage inductance. Thismethod stands in contrast
to relying on the parasitic capacitance of the MOSFETs
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[38], [39]. The conventional RCD circuit, shown in Fig. 7
and operating in conjunction with the coupled inductor,
effectively facilitates the transfer of stored energy to the
appropriately designed RCD circuit, thereby mitigating the
occurrence of ringing phenomena across the powerMOSFET.

Throughout the conduction phase of the power MOSFETs,
bothmagnetizing and leakage inductances play a role in accu-
mulating energy in a magnetic form. Subsequently, during the
off-period of the MOSFETs, the stored energy is transferred
to the output windings. To prevent voltage ringing across the
power MOSFET, it becomes crucial to dampen the stored
energy associated with the leakage inductance. In this sce-
nario, capacitor CS charges through diode DS until reaching
the clamp voltage (VClamp). Once this threshold is reached,
diode DS turns off, leading to the discharge of capacitor CS
to resistor Rs.

The determination of optimal values for the snubber
parameters becomes instrumental in reducing power con-
sumption in the RCD circuit and the power MOSFET, while
simultaneously enhancing the reliability of the power MOS-
FET [40]. By carefully optimizing these parameters, the
consolidated approach ensures a superior performance and
increased robustness in the operation of the power DC/DC
converter system. Such advancements are crucial in address-
ing challenges associated with voltage spikes, energy dis-
sipation, and overall system reliability in power electronics
applications. Furthermore, it is worth noting that the imple-
mentation of the RCD snubber circuit presents an innovative
and practical solution that complements the sandwich mag-
netic structure previously mentioned. Integrating these tech-
niques fosters a comprehensive and sophisticated approach
to tackle issues related to leakage inductance and its conse-
quential effects on power converter performance. Continued
research and experimentation in this domain hold signifi-
cant promise for further advancements in power electronics
design, paving the way for more efficient, reliable, and stable
power DC/DC converters in various industrial and electronic
applications. Based on the design procedure in [41] and [42],
one can calculate the RCD parameters as follows:

RS =
2Vclamp(Vclamp − VOR)

LleakageI2pk fs

CS >
Vclamp

1VclampRS fs
(22)

where VOR, Ipk and fS are reflected secondary voltage, peak
current of coupled inductors and switching frequency, respec-
tively. By using this RCD circuit, the ringing voltage on
the power MOSFETs would be decayed and no significant
overvoltage would suffer the MOSFETs.

IV. POWER LOSS ANALYSIS
The power dissipation across various components in the pro-
posed DC-DC converter plays a crucial role in determining
overall efficiency. To thoroughly assess the converter’s per-
formance, a rigorous examination of power loss for each indi-
vidual device is conducted, and the cumulative losses are then

computed. While the capacitors exhibit relatively small volt-
age ripple, their influence on the total power loss is deemed
insignificant. Conversely, the inductors are subject to heating
energy dissipation due to their equivalent series resistance,
rendering their contribution to power loss more significant.
Consequently, a meticulous approach is adopted to account
for these individual shares in the comprehensive power loss
calculation. Undoubtedly, the active components hold greater
responsibility in power loss generation. Understanding the
power dissipation characteristics of the active components
enables us to optimize their performance and efficiency in
the DC-DC converter design. By comprehensively examin-
ing power loss contributions from each component, we can
identify potential areas for improvement and make informed
decisions to enhance overall converter efficiency. As such, the
investigation of the proposed topology’s efficiency involves
the consideration of two primary types of power losses:
conducting and switching losses [43], [44]. Analyzing these
losses provides valuable insights into the converter’s energy
efficiency and performance. For the power MOSFETs, the
power dissipation formula is expressed as follows:

PQC = rQ1I2rms,Q1 + rQ2I2rms,Q2

PQS =
fs
2

{
VQ1IQ1

(
tr1 + tf 1

)
+ VQ2IQ2

(
tr2 + tf 2

)}
(23)

PQC and PQS represent the conducting and switching power
losses, respectively. The on-state resistance and root mean
square of power MOSFETs are denoted by rQ and Irms,
respectively, while the falling and rising times of switches are
represented as tf and tr, respectively.

The power loss arising from the diodes and inductors can
be determined using the following calculation:

PD =

8∑
j=1

{
VDjIave,Dj + rDjIrms,Dj

}
(24)

PL = I2rms,L1rL1−eq + I2rms,L2rL2−eq (25)

PD and PL are the diodes and inductor power losses. rD and
rL−eq denote the on-state diode resistance and the equiva-
lent resistance of the coupled inductor on the primary side,
respectively.

Another important factor in power loss calculation of any
converter is the magnetic loss. Core loss refers to the energy
dissipation within the magnetic core of an inductor due to
alternating magnetic fields generated by the current passing
through the windings. It encompasses hysteresis and eddy
current losses, impacting the inductor’s efficiency and tem-
perature rise during operation. Minimizing core losses is
crucial for improving overall inductor performance and effi-
ciency in various electronic applications. Inductor designers
consider factors like core material, shape, operating fre-
quency, and magnetic field to optimize designs and reduce
losses. The core loss can be extracted from datasheet of core
(especially, figure of merit) based on the core type, shape, fre-
quency, maximumflux density, temperature etc. Accordingly,
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FIGURE 7. RCD snubber circuit connected across the power MOSFETs for
suppressing the voltage spike across the MOSFETs originated from the
leakage inductance of coupled inductor.

the total power loss can be calculated as

PLoss = PQC + PQS + PD + PL + Pcore (26)

where Pcore is the loss dissipated in the magnetic cores of the
inductors.

V. EXPERIMENTAL PROCEDURE
To evaluate the converter performance in various aspects,
a prototype setup was designed and implemented. The exper-
imental validation utilized a 200W setup, as demonstrated
in Fig. 8. It is considered to provide the voltage of 400V
as the primary interface of a PWM DC-AC inverter for
low power application e.g. PV and FC systems. The design
of the converter of interest aims to boost the voltage from
a range of 20V-30V to 400VDC, specifically for on-grid
applications operating at 230Vac. Several aspects includ-
ing electromagnetic interference (EMI), transformer design,
MOSFET power losses, snubber circuit and reliability are
practically important in DC/DC power converter designing.
As the EMI perspective, numerous parameters including PCB
structure and shielded inductors are paramount of impor-
tance. In this converter, a sandwich structure was chosen
for coupled inductors in order to minimize the EMI effects
and leakage inductance as shown in Fig. 6. This type of
transformer winding reduces the leakage inductance since the
magnetic flux generated by twowindings are more interfered.

This finally can lead to higher electromagnetic compatibil-
ity and mitigating the EMI issues. In addition, the switching
frequency may directly affect the EMI in the DC/DC power
converter. Accordingly, a switching frequency of 60kHz was
selected as a tradeoff between the EMImitigation and passive
components sizes.

FIGURE 8. Prototype for the proposed elevated gain DC/DC power
electronic converter. STM32F407VGT6 discovery board is used for creating
the gate signals.

VI. RESULTS AND DISCUSSION
We will discuss the experimental waveforms and values
obtained from the prototype that was designed and imple-
mented in the previous section. The converter of interest
has been designed to provide a 400V output voltage, serv-
ing as the primary interface for a PWM DC-AC inverter in
applications requiring low power. The objective is to elevate
the voltage from a range of 20V-30V to 400V for 230Vac
applications. Based on equation (10), a duty cycle ranging
from 0.55 to 0.7 is required to regulate the output voltage
across different input voltage ranges and under varying load
conditions, assuming a turn ratio of 2 for the coupled induc-
tors. The components of the converter have been designed
to limit the inductor current ripple to 0.5A and the capacitor
voltage ripple to 2V. The switching frequency has been set
at 60kHz, striking a balance between the size of the passive
components and EMI considerations. Taking into account
these constraints, as well as induced stresses on the power
semiconductor, the components for the converter of interest
can be designed as listed in Table 2.

The experimental essential waveforms of the proposed
high gain power converter for different input voltages under
full loading conditions are illustrated in Fig. 9. It shows the
waveforms while input voltage is in its maximum value i.e.
Vg = 30V. In this condition, the maximum duty cycle namely
D=0.55 is required in order to reach 400V at the output
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TABLE 2. The following are the specifications of the designed components for the proposed converter.

FIGURE 9. Experimental essential waveforms of the proposed converter in the maximum input voltage (Vg=30V).

under full loading conditions. The equivalent load resistance
is 800�. The gate signals for triggering the MOSFETs are
illustrated in Fig. 9a. From this figure, one can observe that
there exists a half cycle delay between these two gate signals
for satisfying the operational characteristics and effective-
ness of the proposed power converter. The gate signals are
created using a common gate driving circuit in which a 8V
power supply is used in order to activate the MOSFETs.
Primary voltage and current of coupled inductors (L1 and
L2) are illustrated in Fig. 9b and Fig. 9c. The waveforms
are similar to each other as expected while there only exists
a 180-phase delay. During conducting period, input energy
is saving in the coupled inductors via magnetic fields. The
upward trajectory of the primary currents in the inductors
indicates energy conservation within the magnetic core of the
inductors. During the period in which the switches are off, the
saved energy transfers to the output. The capacitors voltages

are drawn in Fig. 9e and Fig. 9f. Regarding these waveforms,
one can find that the maximum allowable ripples (2V) are
occurred during normal working which guarantee the circuit
design procedure.

Analysis of the converter’s efficiency was conducted to
evaluate its performance under various operating conditions.
The measurements encompassed different loading scenarios
and input voltages, providing valuable insights into the con-
verter’s behavior.

Fig. 10 presents the measured efficiency results, which
shed light on the converter’s performance characteristics.
Three distinct input voltages were examined: 20V, 25V, and
30V. To maintain an output voltage of 400V, the duty cycles
were adjusted accordingly.

The efficiency of the converter varied across different
input voltages, with the highest measured efficiency of 94.2%
achieved at the maximum input voltage (Vg=30V), while
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FIGURE 10. The efficiency of energy conversion at an output voltage of
400V, plotted against the output power, for various input voltage levels.

the minimum measured efficiency of 90.5% was observed
at the lowest input voltage (Vg=20V). This discrepancy
is attributable to the higher duty cycle requirements at
lower input voltages, resulting in increased conduction losses
within the power MOSFETs.

Furthermore, the efficiency of the converter demonstrated a
decreasing trend as the load resistance was increased, indica-
tive of higher loading conditions. This decline in efficiency
can be attributed to the elevated current drawn from the input
supply, leading to increased losses across both active and
passive components. The increased power dissipation in the
active switches and the associated losses contribute to the
lower overall efficiency.

Taken together, these findings emphasize the importance of
considering the interplay between input voltage, loading con-
ditions, and efficiency in the design and optimization of high-
gain power converters. While the measured efficiencies fall
within an acceptable range, further analysis and fine-tuning
may be required to optimize the converter’s performance for
specific real-time applications, accounting for the desired
input voltage range and expected loading conditions.

VII. CONCLUSION
This research paper shows an innovative DC/DC converter
with an elevated voltage gain. By integrating switched capac-
itor and switched inductor energy-saving systems, the pro-
posed converter achieves exceptional performance. Thorough
investigations were carried out to gain a comprehensive
understanding of the functional principles of the converter
of interest. Experimental results confirm the anticipated
improvements, including elevated gain voltage conversion,
low input current ripple, and high efficiency. Notably, the
converter demonstrates maximum efficiency of 94.2% under
light load conditions and at the highest input voltage. Com-
paring it with recent topologies further validates the superior
performance of the introduced converter. Based on these find-
ings, the introduced converter emerges as a highly promising
solution for various low-power applications, including fuel
cell and photovoltaic systems.

In conclusion, this paper presents a state-of-the-art ultra-
high voltage transfer ratio DC/DC converter. By incorporat-
ing both switched capacitor and switched inductor systems,
it achieves remarkable performance. The expected improve-
ments in voltage conversion capability, input current ripple,
and efficiency have been validated through the experimental
results. Importantly, it should be noted that the converter
demonstrates its highest level of efficiency when operating
under light load conditions and at themaximum input voltage.
The contrast with recent topologies accentuates its excep-
tional performance, positioning it as a highly capable option
for low-power applications including PV and FC systems.
The authors are currently focusing on the dynamic assess-
ment of the suggested converter and its control strategy, both
of which will be discussed in forthcoming reports.
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