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Abstract— This research introduces a modified design for non-isolated DC-DC converters with a high voltage gain using the design
concepts of a coupled inductor (CI) and a hybrid voltage multiplier cell. It is attainable to further increase the output gain without
requiring a higher duty cycle or a large turn ratio of CI. This means that the power switch won’t be under too much voltage stress. The
suggested converter’s important features are low maximum voltage across all semiconductor components, considerable efficiency, and a
substantial voltage conversion ratio. In addition, the suggested topology includes diodes with soft switching conditions, which allows for
a reduction in reverse recovery losses and an improvement in system efficiency. The proposed topology includes input current continuity,
a single power switch, and a common ground between the source and the load. Operating analysis, theoretical definitions, efficiency
investigation, and a literature review of comparable structures have been considered to demonstrate the proposed structure’s functionality.
An experimental prototype has also been established, featuring 115V output voltage, 20V input voltage, and 40kHz switching frequency, to

facilitate the assessment of the proposed converter’s efficacy.
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1. INTRODUCTION

1.1. Research background

In reply to the pressing issues of energy shortage and pollution,
renewable energy sources (RESs), such as electric vehicles (EVs),
wind turbines, photovoltaics, and supercapacitor power conversions,
have grown increasingly in recent times [1, 2]. Typically, the low
voltages produced by these energy systems cannot be directly
linked to the high-voltage DC bus. Therefore, to increase the
voltage supplied to the post-stage DC bus, a high voltage gain
DC-DC converter must be used to enhance the lower output
voltage. Important considerations for designing such converters
include converter volume, input current ripple, efficiency, and
voltage gain [3].

Generally, improving the duty cycle of traditional boost
converters should theoretically allow them to generate a limitless
output voltage. Nevertheless, these converters are impacted by
component parasitic characteristics and cannot meet their theoretical
voltage conversion capacity at the maximum duty cycle; hence,
the duty cycle can’t be exceedingly high [4]. Moreover, problems
with the output diode might arise when the duty ratio is increased,
diminishing efficiency, limiting the switching frequency, and even
resulting in electromagnetic interference (EMI). This situation
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highlights the critical need to develop modified high voltage gain
DC-DC converters with dependable efficiency [5].

Since they can adjust any required transformer turns ratio,
employing high-frequency transformers in coupled inductors (CIs)
and isolated DC-DC converters is a method to supply high voltage
gain. Nevertheless, there is a downside to incorporating magnetic
components, which is the increased bulk and expense. Another
issue is that the leakage inductance causes voltage spikes on
semiconductors [6]. To solve this problem, snubber circuits are
usually needed, which makes the system more complicated and
expensive and increases the total power loss [7].

Typically, to provide a greater voltage gain, the integration of
magnetic coupling and voltage multiplier cells (VMCs) is utilized
in the topologies design. Diodes and capacitors are common
components in these converters, which allow them to have a
high-performance circuit with a straightforward and inexpensive
topology. However, utilizing numerous active and passive elements
can complicate the power and control aspects [8]. Cascading
[9] and interleaving [10] are two other typical boosting methods
that make use of switched capacitors. Cascading is a solution
that doesn’t need a novel circuit design. However, this technique
increases semiconductor use, reducing efficiency and power density.
In spite of its many advantages, interleaving also has challenges
related to control and the complexities of the converter [3].

1.2. Literature review

The wide range of uses for DC-DC converters has led to
the introduction of several topologies, each with its own set
of characteristics, in recent years. While most review papers
have concentrated on categorizing and deriving voltage-increasing
approaches, the paper in [11] intends to assess the converters
from different topological and operational perspectives and then
rank them according to their usefulness in specific applications. In
addition, this article suggests several new merit converters to serve
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as a useful benchmark for research comparing power electronic
converters. Another review article is dedicated to documenting
the latest advancements in EV charging systems, focusing on
the topologies of DC-DC converters employed by on-board and
off-board systems [12]. This research study categorizes DC-DC
converters into two types and delves into the difficulties and
new directions in EV charging that researchers may want to
investigate further. In [13], the authors explain an interleaved
boost converter incorporating a bifold Dickson voltage multiplier.
This topology is ideal for connecting low-voltage devices to
high-voltage distribution buses and other purposes requiring a
high voltage gain conversion ratio. The suggested converter’s first
stage consists of an interleaved boost stage with two inductors
controlled by two low-side active switches. The second stage, the
VMC stage, consists mostly of diodes and capacitors that enhance
the total voltage gain. Despite this, the price and power loss
are inflated due to the excessive number of components utilized.
The converters described in [14, 15] include a VMC and CI in
their circuit. Both the high number of components and the ripple
in the input current are issues with these topologies. To reduce
input current ripple, a bidirectional converter with soft-switching
capability is introduced in [16]. However, this design suffers from
a low voltage conversion ratio and decreased efficiency at high
power rates. A two-winding CI is used to increase the voltage
gain in a paper. The suggested design minimizes conduction
power losses with a single power switch [17]. The soft-switching
capability of diodes, which may enhance efficiency, is another
notable advantage of this topology. A novel DC-DC converter that
exhibits impressive step-up capability is examined and described
in [18]. The suggested converter ideally combines the CIs, VMCs,
and series capacitor approaches to achieve high voltage gain
with minimal voltage stress. In this topology, the VMC does
double duty as an energy absorber and contributor to voltage gain.
Moreover, the nonlinear characteristics of DC-DC converters cause
the output voltage to fluctuate continuously, making the device
very sensitive to changes in the circuit. In contrast, a closed-loop
control system using a robust controller is the best approach when
utilizing such converters since, in many cases, the output voltage
stability is crucial. Two unique methods were presented in [19, 20]
to enhance the DC-DC converters’ dynamic responsiveness by
using innovative and hybrid controllers instead of the traditional
PID controller.

1.3. Present research aims

To achieve a high voltage conversion ratio topology, this article
suggests a modified DC-DC converter that combines two boosting
stages, a hybrid voltage multiplier cell (HVMC) and a CI, with
soft-switching capabilities. The merits of this converter include low
maximum voltage across all semiconductor components, impressive
voltage gain, continuous input current, and minimal power loss.
Some benefits of the proposed topology are as follows:

e Using a CI in conjunction with an HVMC produces a
significant voltage gain.

o The suggested converter has the advantages of the quadratic
boost converter, including its common ground feature and non-
pulsating input current, which makes it a desirable choice for
connecting with RESs by simplifying the grounding scheme,
increasing total efficiency, and minimizing the EMI and
leakage current.

e Due to the lower voltage stress compared to the output
voltage, semiconductors with lower parasitic characteristics
can be used.

o The diodes’ soft-switching features and the presence of a
single power switch in the proposed design increase overall
efficiency.

The suggested converter’s features have been assessed by

comparing it with similar converters. Outcomes show that the
proposed design performs better than similar references, especially

when comparing voltage gain, where the converter offers the best
stepping-up capability.

The rest of this study is summarized as follows: Section
2 details the suggested converter’s functional concept, switching
states, and topology. Section 3 of the paper presents the steady-state
investigation of the converter. The methodology used in the design
process and the efficiency, loss analysis by considering parasitic
elements are explained in Sections 4 and 5, respectively. Section
6 provides specifics on the experimental results and comparative
study findings. The concluding statements are then presented in
Section 7.

2. THEORETICAL ANALYSIS
2.1. Suggested topology

Based on what is shown in Fig. 1, the presented converter
comprises boosting stages, an HVMC, and a CI. The PWM
signal also allows for more convenient operation in the suggested
converter due to having a single power switch. Moreover, the
switch is centrally located near the input source, so it undergoes
low-voltage stress. In addition to the CI and the switch, the
proposed circuit includes two inductors, four capacitors, and
four power diodes. The two CI windings with a turn ratio of
n = Na/Ni are charged concurrently while the switch is biased
forward and discharged in succession when the power switch is
reverse-biased. Also, the inductor L; maintains the input current
constant and ripple to a minimum in this topology.
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Fig. 1. Suggested converter’s equivalent circuit.

2.2. CCM operating concept

Fig. 2 shows the main waveforms that resemble the two modes
of the converter’s functioning in CCM. In addition, Fig. 3 shows
the suggested topology’s equivalent circuits based on the operating
states. A simple analysis of the topology can be accomplished by
using the following assumptions:

e There is no ripple in the current passing through the
magnetizing inductor (L,,).

o The parasitic characteristics among the inductive and
capacitive components are ignored.

o Every component used in the switching process is ideal.

o Large enough capacitors allow us to ignore voltage ripple.

This section will therefore concentrate on the two switching
modes, supported by Figs. 2 and 3.

A) First mode (tg <t <ty):

The signal from the gating pulse causes switch S to start
turning on at time ¢t = to. Unlike the forward-biased diode Do,
the others diodes are biased in the opposite direction. At this
moment, energy is kept in the primary N; and secondary N2 sides
of the CI, as well as in the inductor L, simply because both are
charged. Meanwhile, the inductor L2 is discharging. Additionally,
capacitors C7 and C4 have been discharged, and capacitor C's has
been charged. The voltage of capacitor C> is equally unaffected.
The mode finishes after the current ¢s simply drops to zero. In
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Fig. 2. Crucial CCM waveforms of the proposed converter.
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Fig. 3. Operation modes of the recommended converter during CCM: (a)
First mode [to — t1] (b) Second mode [t; — t2].

accordance with the circuit shown in Fig. 3-(a), the subsequent
formulas are provided:

Vii=V;
Vi = Ve )
Vie =Vesz — Vea — Va2

Vo = Vea

97

B) Second mode (t1 <t < ty):

power switch is switched off, the second period begins at
t = t1. In this operational mode, diodes Di, D3, and D4 are
turned on while diode D> is turned off. Magnetizing inductor L,,
and inductor L; are simultaneously discharged. However, the Lo
inductor is also charging at the moment. Capacitor C's is draining
while C; and Cj are charging, in contrast to the first operating
mode. This switching condition stops once the power switch is
turned on. Fig. 3-(b) and the accompanying equations depict this
mode for the suggested circuit:

Vi =Vin — Vou
Vvt = Vo1 — Veo

Ve = Ves 2)
Ve = Voa — Vo
Vo = Vea

2.3. DCM operating concept

Three different operating intervals are available to the converter
in this mode; the first two are identical to those in the CCM.
The third mode involves turning off all semiconductor components
and bringing the input current to zero. A visual representation
of the relevant circuit during this time frame is shown in Fig.
4. Based on investigations, it can be inferred that only capacitor
C4 is responsible for providing power to the load. Changes in
the system’s input current behavior will inevitably impact the
equations about the proposed converter compared to the CCM
mode. We will address these equations in the following section.

3. ANALYSIS OF STEADY-STATE CONDITIONS
3.1. Voltage gain of the CCM

By solving Egs. (1) and (2) using the KVL and voltage-second
balance methods, the capacitors’ voltage and facilitate the steady-
state analysis in this operating mode can be found. This leads us
to the following conclusions about inductor L;:

DTg Tg
f Viidt + f Viidt =0
0 DTg 3)
Ve = I‘EHD
: L +*
:;‘LC4 R=Vo
t
| |
Lo i

Fig. 4. Equivalent circuit of the converter in DCM’s third mode.

Additionally, the following are relevant for determining the
voltages of capacitors Cy and Cs:

DTg Tg
f Vnidt + f Vnidt =0
0 DTy (C))]
Vin
Ver = 575
DTg Ts
f Viadt + f Viadt =0
0 DT (5)

Ves = VoD + “2Vin
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As a result, using the equations obtained from the studied time
intervals, the proposed topology’s voltage gain is as follows:

Vo nD +1
M = = —
com = ¢ 1_D) (6)

Fig. 5 shows the ideal output voltage gain for different duty
cycles and CI turn ratios (n). This allows for measuring the
converter voltage gain over various changes. It is clear that the
converter can produce an extraordinarily high output voltage gain
even when the duty cycles are lowered, which transforms the
device into a high step-up converter. When the value of n is more
than two, and the value of D is within the range of 0.6 to 0.8,
the output voltage gain rises substantially. On the other hand, the
converter’s inefficiency will be revealed when it is used at greater
duty cycles.

3.2. Voltage stresses in CCM

To represent the voltage stress over the capacitors as a function
of the output voltage, the following equations can be used:

Ver = ;g—flvo
Vo2 = wpVo (7
Vos = 7(;1;2? Vo

According to these equations, the significant variables influencing
the voltage stress on the capacitors are the duty cycle and n.
Also, the voltage stresses discussed are significantly less than the
output voltage. In addition, the following formula may be used to
calculate the voltage stress over semiconductors:

_ _Vo
Mo i3S
VDl = n5+1 VO
VD2 - RDLZHVO (8)
Vps = —2
SO
Vps = CpPE Vo
90 ‘
—_—n=1 i
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Fig. 5. Voltage gain waveform in various configurations (depending on
changes in D and n).

It is evident that a significant disparity exists in the voltage
stress and the output voltage throughout the power switch and
diodes. For this reason, a power switch and diodes with reduced
voltage ranges and internal resistances can be used, significantly
improving the system’s efficiency.

3.3. BCM assessment

During the BCM analysis, it is crucial to establish if the
currents through the proposed converter’s inductors Li, and
the magnetizing inductor (L,,) are continuous. Furthermore, the
mathematical equation for the inductance associated with these
inductors can be obtained by studying their current connections in
this operation state. Hence, selecting the inductor with the correct
value allows one to determine the circuit’s conduction mode. If
we assume that Air is the inductor Li’s current ripple, we can
define it as follows:

Irinmax DTg

dip1 = f ﬁVL1dt

0
. Vin DT,
Air, = le s

(C)]

Accordingly, the formula for the average current via the inductor
L1 is:

I = (10)

The following inference can be drawn from this:

VinDTs
I = ——— 11
L1 oL (11)

Beym _ VinDTs
L = 2L (12)

Eq. (12) may be rewritten as follows as the input current is
equivalent to the inductor L; current:

[,BCM _ RD (13)

1 =

2/, M2

CcM

Moreover, the L,, of the CI follows similar relations:

. _ Vi DTs _ Vin DT,
Aipm = B8 = PG,
IL — Aipm
" 2 (2D+1)n+1)V, (14)
Inm = In1 —nlne = W)RO
LBC]W — VinD — RD
m 2ILm fs(1-D) 2((2D+1)n+1)Mccm fs

Consequently, utilizing Eqgs. (13) and (14), the intended
conduction mode can be described with the L; and L,,
inductance. Regarding the inductor Lo, its current is identical to
that of the capacitor C3 in all modes. Additionally, because the
average current of the capacitors is zero, the average current of this
inductor is likewise almost zero. This inductor is placed in HVMC
to dampen spikes in the circuit. Furthermore, the normalizing
inductor value can be obtained by calculating the time constant
7L as 7, = Lfs/R [2]. This leads us to the following boundary
states for L1 and L,,:

TL1B = Da-Dy’
T 2(nD+1)2
{ _ D(1-D)? 1s5)
TLmB = D3 1)((4D+2)n+2)

The relationship between 77, and D is seen in Fig. 6, following
Eq. (15). As a result, the CCM operation occurs when the value of
Tr is greater than the 7.5, but the DCM operation occurs when
the value of 77, is lower than the value of 775.
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3.4. DCM assessment

In this state, as mentioned earlier and considering Fig. 4, the
input current is zero in the third mode. Similar to the CCM mode,
the following outcomes are formed by applying the volt-second
law to the inductors in the circuit:

DTg D'Tg

Of Viadt + D{g Viidt =0 (16)
Vor = Yl
DTg D'Tg

Of Vinidt + DL Vnidt =0 an
Voo = Vin(20E220")

Vo = Vm(D’?+nDD’) (18)

—Veir+(n+1)(Ver —Ve2) + Vo =0
(@'~ D)?

Using the relationships discussed, the following formula can be
used to get the voltage gain in the DCM of the converter:

D" +nDD’
Mpem = ———— 5 19)
(D' = D)

0.035 1
==7L1, n=1
CCM =—=zLI, n=2
0.03 RenN LI, n=3
'[ \‘ =—t1Lm, n=1
0.025 DEMA, — tLmn=2

7Lm, n=3

0 0.2 0.4 0.6 08 1
Duty Cycle

Fig. 6. Suggested converter’s boundary conditions.

By comparing the voltage gains in DCM and CCM (Egs. (6)
and (19)), it can be inferred that they are precisely proportional to
each other when D’ = 1. The findings validate the correctness of
the calculations and allow us to infer that D’ ought to perpetually
remain less than one.

4. PROCEDURE OF DESIGNING ELEMENTS

Determining the appropriate values of the capacitor and
inductance, the highest possible current and voltage stress of
the semiconductors, and selecting the correct model of these
components are crucial to designing and deploying a converter’s
topology. Section 3.2 has addressed the voltage stresses imposed
on the switch and diodes. In addition, the average currents of
semiconductors can be calculated using the following formulas:

Igvg _ (D(nD+1)(27D) - D)IO

- D+1(17D)2
IhY = n172D Io
Ihy = tpe o 0
1 = 228 g

avg __
Iy, =1Io

99

The following subsections discuss the design approaches for
the inductors and capacitors, which are crucial components of the
converter.

4.1. Design of the inductors

Notable considerations in CI design involve magnetizing current,
turns ratio, and inductance value. According to Eq. (6), the turn
ratio of CI is directly related to the voltage gain and duty cycle.
As a result, this is how to determine n:

Vo(1 — D)* — Vi,

n= VD (@3]
It is also possible to establish the magnetizing inductance by
considering the circuit’s operating conditions and the appropriate
current ripple. Therefore, finding the value of L., is possible using
Eq. (14). During the design process, the recommended converter’s
inductors had their minimum values of Ai;, = 0.3, selected to
ensure optimum performance and efficiency. Due to the fact that
the design of the CI is dependent on these values, the following

are the average and maximum magnetizing currents found:

Itm = In1 —nln2 = 7((2&3);;};)‘/0
-max . 2D+1)n+1)V, Vin DT,
tLm — [Lm + AZLrn/2 = « (17)D)R) Q + 2Lm(lst)

The value of the L, inductor’s inductance can be found using
Eq. (12). More details on the L; current’s average and maximum
values can be obtained from the following formula:

Ity = Iin
.max __ (nD+1)Vp VinDTg (23)
L1 = "Ra-D)? + 2L,

4.2. Design of the capacitors

Capacitors are regarded as elements that keep a constant voltage
as there seems to be a possibility that a change in the capacitor
voltage might affect the system’s operation. Section 3.2 (Eq.
(7)) contains the formula for determining the voltage value of
capacitors. Moreover, to determine the capacitors’ voltage ripple,
AV < 0.01V¢ is also taken into account. Consequently, the
values of the capacitors are determined by evaluating the current
flowing across them and the permissible voltage ripple as follows:

Ity =I,1-D
{ o =D 24
L= TAve

15 =1,1-D)-1Io
Igs(1-D)T (25)
{ C2= C2A(Vc2)
Ith =15
= 1D
_ Ias(1—D)T (26)
{ 03 - CgAch
It = 7%
I (1-D)T 27
{ Ca= CALA(VC4)

The superscripts I and II denote the initial and second
operating modes in CCM computations, respectively. Based on the
calculations above and applied to a 205W version of the suggested
converter working in CCM, the experimental prototype’s element
specifications are shown in Table 1.
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Table 1. Suggested converter configurations and parameter specifications.

Element/Parameter Features
S IRFP260N
D1 — Dg MURI1560
Ly 700pH,15A
Lo 150pH,10A
L 600 H,10A
Ci-3 470 F/100V
Cy 470 F/400V
n/R 1:1/6592
Vin/Vout 20V/115V
Frequency/Output power  40kHz/205W

5. EVALUATION OF POWER LOSS AND EFFICIENCY

Earlier sections conducted the general design formulae and
steady-state evaluation of the converter, presuming the provided
circuit is ideal. Here, we add parasitic components and resistance
into the circuit to simulate real-world operating conditions and
calculate the system’s efficiency and total losses.

As a result, these resistances are often described using the
following explanations:

o In CI ESRs, Ry1 and Rn2 correspondingly represent the

primary and secondary sides.

e Rpi1 and Rr2 denote the ESRs of the L; and Lo inductors.

o As power switch S is activated, the abbreviation Rpg

indicates the switch’s resistance.

o The capacitors’ ESR values are denoted by R1 — Ra.

o Rr1 — Rr4 represents the forward resistances of the diodes,

whereas V1 — Vry reveals the threshold voltages.

Here are the parasitic components’ values: Rrp1 — Rpa =
0.05Q2, Vp1 — Vpa = 1V, R; — R3 = 0.047Q2, R4 = 0.03€,
Rps = 0.05Q2, Rpr1 = 0.2, Rr2 = 0.05Q2, Rnx1 = 0.13€,
Ry2 = 0.14Q

To determine the total losses of the converter, one may use the
following formula:

Pioss = Psw + Prr + Pvr + PL + Pc (28)

where diode losses (Prr and Py r), power switch loss (Psw),
inductor losses (Pr), and capacitor losses (Pc) all contribute to
the overall system losses in the proposed topology. Moreover, it is
possible to ascertain the circuit’s efficiency by using the following:

Po

Neonv = ( ot P OSS) (29)
The losses related to power switches usually consist of two
types: conduction and switching losses. Due to their fast switching
time, MOSFETSs have switching losses during on and off operations
as they adapt to changes in voltage and current. In fact, turning
the power switch from off to on or back again causes switching
losses. This leads us to the following formula for the circuit’s loss

of a single power switch [1]:

Psw = RDS(IémS) + - fs( on T toﬂ)langS (30)

where ton represents the rising time of the MOSFET and t.g
represents the falling time. Eq. (20) obtains the average current
value of the power switch, and the RMS value is computed as
shown in the following:

rms __
Is

(\/B(antl)(QfD)
(1-D)?

— VD)o @D

Furthermore, the diodes’ Prr and Py pr are defined in the
following:

4

Prr = Z Rpi(I57e)?

7! (32)
Pyr= Z Veddp?
where,
rms _ nD+1
o = P
155 = (4252)vVDlo 3
Irms _ nD+1 I ( )
~ Vi-D
Irms — Io
1-D

Moreover, the following are used to calculate the losses of the
inductors and CI:

PL — RL (['rms) + RL ( r'm3)2+
RNI(I'rms) + RNQ(ITmS)

Subsequently, the following is utilized to determine the
capacitors’ power losses:

(34)

Po = ZR (187)? (35)

According to the mentioned formulas, Fig. 7 shows the efficiency
curve for different power ranges of the suggested topology based
on the duty cycle. Although the efficiency decreases with increasing
converter power, the suggested topology is still well-suited for
high-power applications and has an acceptable efficiency range.
Increasing D to 1 also causes a short circuit on the output side,
which means no power goes to the output.

6. COMPARING AND ANALYZING RESEARCH
FINDINGS

6.1. Comparisons with other topologies

To demonstrate and confirm the beneficial aspects of the
proposed topology, a comparative analysis is provided in this
section. Table 2 lists the main characteristics of the recommended
converter and compares them to similar and comparable topologies.
This table summarizes the following briefly: voltage gain, maximum
voltage stress among semiconductors, number of power switches,
capacitors, and magnetic components. Furthermore, the investigated
converter is identical to all of the others in that it has a continuous-
current input.

In contrast to the converters discussed in [21] and [22], which
use more components overall, the one proposed here uses the
same number of elements as the ones listed in [1], [23], and [24].
Even though they include fewer components, the converters in
[25], [26], and [27] are completely inferior to the proposed ones
in terms of voltage gain and voltage stress on the diodes.

One benefit of this topology is that the suggested converter
outperforms other investigated converters at the same power level
because it has a single-switch circuit, low voltage stress on the
semiconductors, and soft switching conditions on the circuit’s
diodes, resulting in more efficiency.

Fig. 8 reveals the results of comparing the proposed converter’s
voltage gain to the other converters of Table 2 (n is considered to be
1). The proposed topology outperforms other converters regarding
Mccm throughout the appropriate duty cycle range (0.5 < D <
0.7). Moreover, the suggested converter and the converter described
in [21] have the same voltage gain. Nevertheless, as will be shown
and examined further down, more research into this converter
reveals that the voltage stress on its diodes negatively affects its
efficiency.
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Table 2. suggested high step-up converter specifications and comparison to comparable topologies.

Converter ~ Components numeral information Voltage gain VsiVo Diodes’ maximum voltage stress Power  Efficiency  Total price
— — _ — D+1 1 (n—1)D+1
Proposed gI—Tl,_Dlz— 4,C=4,L=2+1 (;L—D)2 7DIT DT 205W 95.1% $33
- _ _ _ D41 1
[1] gI—Tl,_Dlz— 5C=5L=0+1 4=5 +2n RE=DYT1 m 200W 96% $30
’_ _ _ _ 1+D(1—D) 1
[23] gI_Tl ,_Dl2_ 4,C=4,L=3+0 Aoy 1 TTD0=D) 200W 92.7% $34
- - — _ 14+nD 1 14
[21] gI—Tl,_DM— 6,C=4,L=1+2 (17’;))2 eyl 1+n7j3 200W 92% $40
[25] S=2,D=2,C=2,L=2+0 1 1 1 200W 84% $24
CLT=8 =0
- - - - (3D-D?) 1 1
[24] 21—T2,_Dlz— 3,/ C=4,L=3+0 0_D)2 GD-D% BD-D% 200W 90% $35
. _ _ _ n(2-D) 1-D 1
[22] zI_TZ,:DlS_ 5C=4,L=1+1 G-D)? 7(=D) =5 200W 91% $36
_ - - _ 24n—D 1 +1
[26] gI—TI,_D6 =2,C=2,L=0+1 s s} 21&77[) 250W 93.6% $18
e n(2-D) 1 1
[27] S=2,D=5C=3L=0+1 i 5 mE-D) =5 200W 93% $30

CL T=11

S: Switch, D: Diode, C: Capacitor, L: Inductor, CI: Coupled Inductor, T: Total Number
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Fig. 7. Theoretical efficiency curve of the suggested topology.
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Fig. 8. Output voltage gain of the converters based on the duty cycle with
n= 1.

The proposed circuit and various converters’ voltage gains vs.
the CI’s turn ratios are shown in Fig. 9 (D = 0.6). While the CI's
turn ratio improves the converters’ voltage gains in Table 2, it has

Fig. 10. Voltage stress on the switches as a function of voltage gain (n= 1,
D= 0.5).

a much more noticeable effect in the proposed topology and the
one detailed in [22]. Therefore, the suggested converter achieves
better voltage gain than competing converters when n is increased.
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Fig. 13. The experimental setup of the suggested converter.

It should be noted that the gain of the converter given in [22]
grows at a faster rate than other configurations, but the system’s
efficiency drops dramatically, limiting its practical use.

Fig. 10 shows a comparison of the voltage stresses on the major
switches of converters (Vs/Vin) according to the MCCM, which
is necessary for a deeper understanding of the proposed circuit’s
merits. Compared to the converters detailed in references [23],

[25], and [24], the proposed converter obviously performs better
from this point of view. The converters listed in references [1],
[22], [26], and [27] have a lower Vs /Vj, ratio than the suggested
configuration. However, the proposed circuit’s increased voltage
gain and improved efficiency have made its implementation more
practical and feasible.

All other converters, except the converters in [25] and [26],
have several diodes built into their design. Hence, comparing the
voltage stress on each diode separately would not be feasible or
accurate due to their different designs. As a result, the diodes
chosen endure the greatest voltage stress, which is often located
on the output side of the circuits. The normalized voltage stress on
each converter’s diodes based on various values of n is shown in
Fig. 11. The results show that the suggested topology has a lower
Vb /Vo compared to the configurations presented in [21] and [26].
Actually, the diodes’ voltage stress is what clearly differentiates the
suggested converter from the one in [21]. Fig. 12 also compares
converter diodes’ gain-determined voltage stresses (VD/Vin). Even
here, the suggested converter’s maximum diode voltage remains
within a tolerable range when compared to competing models.
Although the converters mentioned in references [1], [22], and
[27] have a lower VD/Vin ratio than the recommended design, the
suggested converter is more practical due to its high efficiency and
voltage gain. As a result of the comparisons made in this section,
the presented converter has the capacity to be useful in many
high-power industrial applications.

Moreover, the cost analysis in Table 2 shows that the proposed
converter is competitively priced at $34, which compared to the
investigated converters, it has a reasonable price. The potential
features like high efficiency, high voltage gain, and simplified
integration further enhance its value proposition. This makes the
proposed converter a suitable option for various applications.

6.2. Discussion on the experimental results

Following the steady-state investigation, this section details the
proposed converter constructed in the lab and presents the obtained
experimental data. Hence, the operation of the presented circuit
was tested by evaluating a 205W prototype under real conditions,
as illustrated in Fig. 13 In addition, a switching frequency of
40kHz and a DC input voltage of 20V were specified. An
Arduino Mega2560 was also used to generate a pulse width
modulation (PWM) signal and manage the power switch for the
proposed converter. Table 1 lays out the technical specifications
of the converter’s elements and explains how the circuit operates.
Some of the more noteworthy results from the CCM converter’s
experiments are shown in Fig. 14. In Fig. 14-(a), the proposed
circuit shows its steady-state performance with an input voltage of
20V, a duty cycle of 50%, and an output voltage of 115V, which
reaches a voltage gain of around 5.75. This is fairly close to the
gain calculated in Eq. (6).

Fig. 14-(b) shows voltage waveforms related to the primary
side (V1) of the CI and the inductors Ly and L. The inductors
Li and Lo have voltage values of around 18.5V and 75.4V,
respectively, while the primary side of the CI has a voltage of
about 38.6V. These values are in agreement with the formulae in
Egs. (1), (2). In accordance with Eq. (8), Fig. 14-(c) also displays
the voltage stress waveforms of diodes D; and Ds, measuring
about 38 and 38.4 volts, respectively. The results demonstrate that
these diodes are under minimal voltage stress, with values below
Vo/3.

The voltage and current stress waveforms of diode D3 can
be observed in Fig. Fig. 14-(d). It can be seen that there is a
soft-switching condition in D3z (ZVS turn on). As seen in Eq.
(8), this diode clearly undergoes a voltage stress of 77 volts, and
the average current value agrees with Eq. (20). As shown in Fig.
14-(e), Diode D, is also affected by the similar circumstance.
Getting the ZCS turn-off is proof that D, fixed the reverse
recovery issue. In addition, at around 78V, the voltage stress of
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Fig. 14. Experimental waveforms of the suggested converter with V;,= 20V, Vo = 115V, Pp = 205W: (a) V;,. Vo voltage, and PWM signal from the
gate waveforms (b) Inductors voltage waveforms (c) Voltage stresses of D1, Do (d) Soft-switching condition of D3 (e) Soft-switching condition of Dy (f)
Power switch voltage stress and current waveform (g) Input current and CI’s secondary side voltage waveforms.

Dy is less than the V. The current stress and voltage findings on
this diode perfectly agree with the Eqgs. (8) and (20).

For the only power switch, Fig. 14-(f) illustrates the current
and the voltage stress waveforms. The average current is in line

with Eq. (20), and the voltage on switch S is near 77.5 V, which
confirms Eq. (8). Additionally, the results show that the switch
has low voltage stress, which is less than V. The waveforms
associated with the input current and the secondary side of the
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CI are shown in Fig. 14-(g). It is clear from the waveform of
the input current, which is equal to the current through inductor
Ly, that the circuit functions in CCM. Also, the input inductor’s
current ripple shouldn’t exceed 30% at its nominal working point.
Moreover, consistent with Eq. (2), the voltage on the CI secondary
side (Vn2) is around 40V.

By applying the power loss analysis over a range of output
powers (100 to 5S00W), we can establish the converter’s efficiency
and use that information to create the curve shown in Fig. 15. It
can be concluded that the results from the experiments and the
computations are in agreement (the discrepancies are less than
1% for the majority of the examined conditions). As seen in this
figure, the suggested configuration can maintain an efficiency of
around 95.1% while producing an output power of approximately
205W. On top of that, regardless of the output power set, the
converter always maintains an efficiency of over 90%.

Although there are several benefits to the proposed high
step-up DC-DC converter, there are also some limitations and
conditions that could affect its performance. These include complex
closed-loop control designs, variable load conditions, and problems
with thermal management. Understanding these constraints allows
one to make well-informed decisions about suitable applications
and critical design factors to improve performance. Moreover,
efficient thermal management is essential for maintaining the
converter’s performance in the optimal range, especially under
high power conditions. Inadequate cooling can lead to overheating
of components, reducing efficiency and potentially causing failure.
Furthermore, the proposed distribution of converter losses is shown
in Fig. 16. This follows from the calculations done in section 5.
In contrast to the obviously more troublesome semiconductors,
capacitors lose the least amount of power.

7. CONCLUSION

This study introduces a novel designed high voltage gain DC-DC
converter incorporating a CI and an HVMC. This topology’s high

voltage gain is achieved by comparatively mild voltage stress on
the single switch and diodes, which results in a relatively large
output voltage. The majority of the diodes also had a voltage stress
lower than Vo /2. The recommended converter’s diodes have the
capacity to soft-switch, which has improved the total efficiency.
Due to its common ground and constant input current, the
suggested topology might suit applications using renewable energy
sources. The configuration’s high efficiency, simple topology, and
enhanced flexibility in design are other advantages. The suggested
circuit’s operation principles have been thoroughly examined,
and its performance has been compared to similar converters.
Theoretical analysis is proven right by experimental discoveries,
and a 205W prototype is built in the end.
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