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Abstract 

Background

DC-DC power converters are essential devices in the modern world, 
playing a crucial role in managing the power supply from different 
power sources converting and adapting voltage levels. These power 
converters are fundamental to numerous applications, from charging 
your mobile phone to powering different types of machinery. Lately, 
due to climate change problems and the floating nature of most 
renewable power sources, they are essential to a carbon-free world 
and zero emissions target.

Methods

Our investigation method was based on an initial theoretical approach 
using mathematical equations to describe the operation of the 
electrical circuit and evaluate the performance compared to other 
topologies, followed by the validation through some computational 
simulations using MATLAB/SIMULINK software. Next, the operation of 
the proposed converter was also confirmed by several experimental 
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tests using a laboratory prototype developed exclusively for these 
tests.

Results

Based on the achieved results, an efficiency analysis was performed 
showing that in addition to high-voltage gain, from the range of six to 
eight times the input voltage, the converter maintains a very high 
efficiency, around 95% to 96% up to a duty cycle of 0.50, where a 
voltage gain of 5.82 is achieved in a real setup Also, the optimal 
operating point was identified, based on the duty cycle, where the 
converter operates at maximum efficiency. In PLECS® simulation 
environment, dynamic tests under PI output voltage control revealed 
fast transient response and good voltage regulation, while MPPT PV 
simulations demonstrated effective maximum power extraction and 
tracking under variable irradiance and temperature conditions.

Conclusions

In conclusion, it is possible to claim that the proposed converter 
presents a stable and efficient operation and has a very high potential 
for applications that require high-voltage gain, such as photovoltaic 
solar systems or even electrical vehicles or energy storage systems. 
Other relevant aspect is the reduced value of capacitors, due to the 
interleaved operation, leading to reduced stress over capacitors and 
distributed voltage over them.

Plain language summary  
This paper shows the study, development, and results of a new Direct-
Current to Direct-Current (DC-DC) electric power converter topology, 
designated as interleaved quadratic Boost DC-DC converter topology. 
The converter topology is capable of achieving significantly higher 
voltage gains (higher voltage in the output when compared with the 
input voltage) than most conventional existing topologies. A 
theoretical approach was introduced in this paper and then validated 
through some computer simulations (using MATLAB/SIMULINK 
software). Finally, the performance of the topology was also 
confirmed in an experimental setup using a practical prototype of the 
proposed converter. From the experimental results, it was possible to 
achieve a maximum output voltage gain of over eight times the input 
voltage. An efficiency analysis (allowing us to identify the energy 
losses during the operation of the converter) was also performed, 
showing that the proposed topology converter maintains a very high 
efficiency, around 95% to 96%. The optimal operating point was also 
identified, based on the duty cycle (turn-on and turn-off of the power 
devices at a certain frequency), where the converter operates at 
maximum efficiency. The results show that the proposed converter 
has a very high potential for applications that require high-voltage 
gain, such as photovoltaic solar systems or even electrical vehicles or 
energy storage systems.
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Introduction
The increasing global demand for energy-efficient and sustain-
able systems has driven significant advancements in power 
electronics, particularly in DC-DC conversion technologies1. 
Traditional Boost converters, while effective in many applica-
tions, often have difficulty to achieve the high-voltage gains 
required in modern power systems, such as photovoltaic solar  
systems2, electrical vehicles (EV)3, High-Voltage Direct Current 
(HVDC) power transmission systems4, water pumping systems5, 
or others. Addressing the limitations of conventional topologies,  
this work introduces a novel interleaved quadratic DC-DC  
Boost converter designed to provide significantly higher voltage 
gain without sacrificing efficiency.

Over the years, numerous DC-DC Boost converter topologies 
have been developed for different applications in a wide range 
of emergent multidisciplinary engineering fields, such as 
renewable energy sources (RES), photovoltaic solar energy  
conversion, EV, energy storage systems (ESS), fuel cells,  
among others.

Typically, DC-DC converters can be classified according 
to different features, such as isolated6,7 or non-isolated8,9,  
unidirectional10,11 or bidirectional12,13, voltage-fed14,15 or  
current-fed16,17, hard-switch18,19 or soft-switch20,21, minimum-phase22 
or non-minimum-phase23. Most of these DC-DC converters are 
well represented in 24–27. Another way to classify the DC-DC  
converters is specifying their voltage Boost technique. Some of 
the most well-known techniques are the switched capacitors28,29,  
voltage multiplier cells30,31, switched inductors32,33, voltage  
lift34,35 and multi-stage/-level36,37 topologies. A review of some 
of these step-up voltage techniques can be found in 38–40.  
Nowadays, engineering research is also focused on the  
development of converters with higher reliability, higher  
efficiency, combined with less volume, weight and cost41.

Among the DC-DC converter topologies developed recently 
that have stood out for the high-voltage gains obtained are those 
that present quadratic gains. In this way, is possible to high-
light some significantly important topologies developed with 
such features. The solution proposed in 42 is a transformerless 
high step-up DC-DC converter with a quadratic voltage gain. 
In this converter, using a duty cycle greater than 0.309 is pos-
sible to achieve a higher voltage gain than the classic Boost  

converter. This solution includes three switches, five diodes, 
two inductors and three output capacitors. Despite its inter-
est, this solution requires too many components when compared 
with other solutions. Other quadratic gain topology can be found 
in 43, where the authors propose a modified classic DC-DC 
buck-boost converter. Since this topology allows a buck-boost 
operation, it is only necessary to control one power switch for 
each operation mode and the additional power switches remain 
always ON or always OFF. By controlling only one power  
switch, they developed a setup capable of achieving a quadru-
ple voltage gain for a duty cycle of 0.5. Another similar topol-
ogy can be found in 44, which created a quadratic high-gain  
Boost converter, where it was possible to obtain a gain of two  
times the input voltage at the output with a duty cycle of 0.50.  
More recently a new DC-DC Boost converter setup with  
quadratic gain was proposed45. In this solution using a duty 
cycle of 0.50 is also possible to achieve a triple output voltage. 
This solution includes one switch, three diodes, two inductors 
and two output capacitors. Recently, a new quadratic DC-DC 
Boost converter topology was proposed in 46, which can 
achieve a quintuple output voltage with a duty cycle of 0.50.  
This solution requires only one switch, four diodes, two induc-
tors and three capacitors. The main disadvantage of this  
solution is that the switch must withstand the maximum  
output voltage.

It is well-known that high-voltage gain is critical in applica-
tions with low input voltages, such as those using a reduced 
number of solar panel strings or where, due to weather vari-
ability sometimes produce reduced voltages, and it required 
to efficiently convert them into much higher output voltages47. 
Most quadratic DC-DC Boost converters typically offer voltage 
gains of three to four times the input voltage, which may not be  
sufficient for advanced applications. The interleaved quadratic 
Boost topology proposed in this study aims to overcome these 
limitations by achieving an extended voltage gains over eight 
times the input voltage, or six times considering a duty cycle 
of 0.50, providing a more effective solution to integrate addi-
tional RES systems. This converter is also characterized by a  
simple control technique, continuous input and output cur-
rent, reduced switching voltage stress over the power devices. 
The proposed solution takes advantage of the interleaved 
operation, which allows to use multiple circuits (or phases) 
to process power in parallel. These circuits are operated with  
time-shifted (interleaved) switching signals to achieve improved 
performance compared to a single-phase or single-circuit  
converter. Also, the interleaved operation avoids the need of  
large output capacitors. The solution is also able to achieve  
good efficiency according to some preliminary experimental 
results.

This paper presents the theoretical framework behind the  
proposed interleaved quadratic DC-DC Boost topology, com-
plemented by some experimental results to confirm the theo-
retical results and efficiency. This paper is organized into five 
main sections. Section I is dedicated to the introduction of this 
subject and importance of DC-DC converters in most modern  
applications, followed by a brief state-of-the-art over DC-DC 

          Amendments from Version 1
This new version include an extensive analisys of efficiency in 
different operation modes. Also includes additional comparisons 
with other similar DC-DC topologies considering additional 
aspects. Several sections were added to include aditional 
information and explain the design process of the proposed 
converter. Also the images were enhanced to increase quality. 
Finally, some text was introduced to explain how to perform 
closed-loop control.

Any further responses from the reviewers can be found at 
the end of the article

REVISED

Page 4 of 41

Open Research Europe 2025, 5:55 Last updated: 11 NOV 2025



converters with quadratic gain. Section II provides a detailed  
explanation of all the design procedures and considerations on 
the prototype of the proposed converter. Section III presents a 
comparison between the proposed converter and other inter-
leaved quadratic Boost DC-DC converters already proposed  
and implemented in the literature. Section IV is dedicated to 
presenting and demonstrating the laboratory setup and valida-
tion of the results regarding the operation principle, voltage 
gain obtained and efficiency. Finally, section V presents some  
conclusions.

Methods and theoretical analysis
Our investigation methodology was based on an initial theo-
retical approach using mathematical equations to describe the 
operation of the electrical circuit and evaluate the performance 
compared to other topologies, followed by the validation 
through some computational simulations using MATLAB/
SIMULINK software. Next, the operation of the proposed con-
verter was also confirmed by several experimental tests using a 
laboratory prototype developed exclusively for these tests. The  
next subsections are dedicated to show these procedures.

Power circuit layout of the proposed quadratic Boost 
DC-DC converter
Figure 1 shows the diagram of the interleaved quadratic Boost 
DC-DC converter proposed in this paper. It is a new topology 
that has never been published before, according to extensive 
research conducted in the main bibliographic reference 
resources in the field. The power circuit consists of an input 
inductor, L

in
, along with two input diodes, Din1 and Din2,  

and a capacitor, Cin. Connected to these components are 
two additional circuits, one at the top and another at the  
bottom, each consisting of and inductor, L

1
 and L

2
, a capacitor,  

C
1
 and C

2
, and a diode, D

1
 and D

2
, respectively. Finally, to  

ensure the capability of voltage regulation and Boost operation,  
two power MOSFET, S

1
 and S

2
, are included, controlled by a  

command circuit through their gates, represented in the figure as  
G

1
 and G

2
, respectively.

Operation mode analysis in steady-state
The converter under study has four different operation modes, 
all in continuous conduction mode (CCM), depending on 
the operation of the two switches, S

1
 and S

2
. Although both 

power semiconductors can operate simultaneously (overlap-
ping the conduction mode) for duty cycles above 0.50, this 
mode of operation is not advantageous for lower duty cycles, as 
it generates higher current peaks without resulting in improved  
voltage gain. Therefore, in the following analysis, it 
will be considered whether the converter operates with 
S

1
 turned ON and S

2
 turned OFF or S

1
 turned OFF and  

S
2
 turned ON or both switches turned OFF, providing four  

different operating intervals as explained next. Figure 2 shows 
a simplified representation of a classic PWM (Pulse-Width- 
Modulation) control strategy in order to achieve the described  
operation mode. This is considered an interleaved operation.

In the following figures, the four stationary operation modes 
are illustrated in detail, where the current flow directions in 
the different paths are represented with different colours to  
help understanding the operation principle of the converter.

S1 turned ON and S2 turned OFF (δ1Ts). During this oper-
ating mode, the input diode D

in2
 is turned OFF, while the 

input diode D
in1

 is turned on. Also, during this mode, the input 
inductor L

in
, discharges the energy accumulated in the previ-

ous operating mode over the input capacitor C
in
 which is in 

charging mode. Meanwhile, the diode D
1
 is also turned OFF  

because the inductor L
1
 is charging and the capacitor C

1
 is  

discharging, creating a reverse voltage over D
1
. On the other  

hand, D
2
 is turned ON, meaning that L

2
 is discharging the  

energy previously accumulated, and as a result, C
2
 is in charging 

mode. The current flow described is illustrated in Figure 3.

Figure 1. Circuit topology of the proposed interleaved quadratic DC-DC Boost Converter.
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Figure 2. PWM switching strategy of S1 and S2.

Figure 3. Current flow analysis when S1 turned ON and S2 turned OFF (δ1Ts).

S1 OFF and S2 OFF (δ2Ts). In this operating mode, D
in2

 
remains turned off while Din1 remains turned ON. Similar to 
the previous operating mode, L

in
 is still discharging and Cin 

in charging mode. Both D
1
 and D

2
 are now turned ON since 

both inductors, L
1
 and L

2
, are discharging the accumulated  

energy over C
1
 and C

2
, respectively. The current paths described  

can be found in Figure 4.

S1 OFF and S2 ON (δ3Ts). In this operating mode, after  
turning ON the switch S

2
, D

in2
 turns ON to flow the current 

over the input inductor L
in
, while D

in1
 turns OFF due to reverse  

voltage. Thus, L
in
 is charging, and C

in
 is discharging the accu-

mulated energy in the previous operating mode over the  
inductor L

2
, which is storing energy. As a consequence of  

passive components polarity, D
2
 becomes reverse-biased and 
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turned off, while C
2
 starts to discharge over the load. In the oppo-

site direction, D
1
 is forced to turn ON to discharging the energy  

accumulated over the inductor L
1
 into C

1
, which is in charging 

mode. Figure 5 shows the representation of the current path  
flow described now.

S1 OFF and S2 OFF (δ4Ts). In this operating mode, both 
switches are turned off and the current’s path flow is the same  
as the ones presented in the interval δ2Ts.

Component stress analysis
Following the operation modes described previously, it can 
be observed and concluded that the current in inductor L

1
  

increases when the switch S
1
 is turned ON and decreases 

when S
1
 is turned OFF. This means that the switching state 

of S
1
 does not affect the current in L

in
 and L

2
. On the con-

trary, the current in inductors L
in
 and L

2
 increase when  

switch S
2
 is turned ON and decreases when S

2
 is turned OFF. 

This means that the switching state of S
2
 does not affect the 

current in L
1
. This indicates a partially independent opera-

tion of the two power switches, when the switching states of S
1 

and S
2
 do not overlap. According to the principle of opera-

tion detailed in the previous subsection, it is possible to obtain 
the theoretical waveforms of the four-operating mode of the  
proposed converter (see Figure 6). When analyzing the evolu-
tion of the voltage across each inductor and semiconductor  
presented in this figure is possible to establish the voltage  
relationships shown in Table 1.

According to Table 1, as result of the analysis of the  
voltage relationships between components it is possible to 
see that the maximum voltage stress over power devices  
S

1
 and S

2
 are v

Cin
 + v

C1
 and v

Cin
 + v

C2
, respectively, which is  

far reduced when compared to most DC-DC converters 
whose power devices must support the maximum output  
voltage.

Theoretical voltage gain analysis
In this way, it is possible to establish the following voltage rela-
tionships for each inductor. Assuming ideal components and 
considering one switching cycle, the relationship between  
the output and input current, function of the duty cycle,  
can be obtained through the volt-second relationship of the  
inductors L

1
, L

2
 and L

in
, as presented from (1) to (3), respectively:

                          1 2 3 4 1( ) ( )( )C Cinv vδ δ δ δ− = + +                           (1)

                         3 1 2 4 2( ) ( )( )C Cinv vδ δ δ δ− = + +                           (2)

                       3 1 2 4( ) ( )( )Cin in inv v vδ δ δ δ= + + −                         (3)

Knowing that (δ2 + δ3 + δ4) = (1 – δ1) and (δ1 + δ3 + δ4) = 
(1 – δ3), as well as δ1 = δ3 = δ; equalizing and solving the  
Equation (1) to Equation (3) to each capacitor voltage, it is possible  
to establish the voltage equations listed below from (4) to (6):

                                          1 1 CC inv vδ
δ

=
−

                                  (4)

Figure 4. Current flow analysis when S1 and S2 are turned OFF (δ2Ts).
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Figure 5. Current flow analysis when S1 is turned OFF and S2 is turned ON (δ3Ts).

                                          2 1 CC inv vδ
δ

=
−

                                  (5)

                                           
1Cin inv vδ

δ
=

−
                                  (6)

Equalizing and solving Equation (4) to Equation (6) in order 
to v

in
, and knowing that v

out 
= v

Cin
 + v

C1
 + v

C2
, it is possible to 

establish the expression that characterizes the voltage gain of  
the proposed interleaved quadratic DC-DC converter (7):

                                         2
1

(1 )out inv vδ
δ

+=
−

                               (7)

Design considerations
In this section, the entire design process of the passive com-
ponents used in the proposed experimental prototype will be 
presented and discussed. The following characteristics were  
considered in the design of the prototype: v

in
 = 50 V, δ

max
 = 0.5,  

R
Load

 = 450 Ω, P
out(max)

 = 200 W, v
out

 (δ
max

) = 300 V, i
out

 (δ
max

) = 
300/450 = 0.67 A, Δi

Lmax
 = 0.5 A, Δv

Cmax
 = 1 V to 3 V, f

PWM
 = 50 kHz, 

efficiency of 95%.

Inductors design
For the inductors design, the generic adopted expression to 
define the minimum inductance value is presented in (8). This 
expression is based on the linear variation of the current in  
the inductor and is well explained in most design chapters  
about DC-DC converters, such as 48–50.

                                          
L

PWM L

maxv
L

f i
δ

∆
⋅

>
⋅

                                   (8)

Where v
Lmax

 is the maximum voltage applied to the inductor, 
δ is the maximum duty cycle intended for the converter, f

PWM 

is the switching frequency of the converter, and Δi
L
 is the  

maximum current variation (ripple) desired in the inductor.  
For the input inductor, L

in
, the following equation can be used:

                            1
PWM L

in
in in

v
L L mH

f i
δ
∆

⋅
> ⇒ >

⋅
                        (9)

For the remaining inductors, L
1
 and L

2
, the following  

equation can be used:

                  1 2
(1 ) 2

PWM L PWM L

in

Cin

v
v

L L mH
f i f i

δδ δ
∆ ∆

⋅⋅ −= > ⇒ >
⋅ ⋅

            (10)

Ferromagnetic material saturation analysis
The material of the inductors, applied in this prototype, 
uses a Litz 420x0.08 SE F155 G1 wire type (widely used 
in high frequency applications, as it reduces losses and the 
skin effect), a plastic inductor winding support from the 
CF model -E70-1S and a set of ferrite cores from model  
E70/33/32DG in “U” shape, from the manufacturer TDK, 
with type N87 ferrite. Using the manufacturer datasheet, it is  
possible to obtain some essential parameters (see Table 2) 
for analyzing the electromagnetic saturation of the ferrite  
core.
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Figure 6. Theoretical wave forms of the proposed DC-DC Converter.
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Thus, to calculate the maximum current value that can cross 
each inductor, before saturating the ferromagnetic material 
is possible to estimate the number of turns of each winding,  
taking into account the desired inductance value, L, (H) and the  
inductance factor, A

L
, (H) of the material adopted48–51.

                               
2

L
L

LL N A N
A

= ⇔ =                               (11)

After applying Equation (11) to each inductor, the values  
expressed below were obtained from (12) and (13).

                      
3

91 2
2 10 63

500 10L LN N turns
−

−
×= = ≈
×

                  (12)

                           
3

9
1 10 45

500 10LinN turns
−

−
×= ≈

×
                       (13)

Then, the permeability of the ferrite adopted, μ, (H/m) can  
be calculated from Equation (14).

9 3
5

6
250 10 149 10 5,4539 10

683 10
L

L
e e

e e

A A lA H m
l A

µ µ
− −

−
−

⋅ ⋅ × ⋅ ×= ⇔ = = = ×
×

  (14)

Finally, using Equation (15) is possible to calculate the maximum  
current over each inductor prior to saturate the ferrite magnetic  
material.

                                        
á

ám x e
m x

B l
I

Nµ
⋅

=
⋅

 
                                   (15)

Applying (15) for all the inductors, the current values can  
be calculated.

       
1

3 3

2 5
390 10 149 10 16,91

5,4539 10 63L L MM xx
I I A

− −

−
× ⋅ ×

= = =
× ⋅  á á

            (16)

                
á

3 3

5
390 10 149 10 23,67

5,4539 10 45L
Min x

I A
− −

−
× ⋅ ×

= =
× ⋅ 

               (17)

Capacitors design
Similarly, for the capacitors design, the generic adopted expres-
sion to define the minimum capacitance value is presented  
in (18). This expression is based on the linear variation of the  
voltage in the capacitors.

                                          C

PWMC

maxi
C

v f
δ

∆

⋅
>

⋅
                               (18)

Where i
Cmax

 is, generally, the maximum current flowing through 
the capacitor, δ is the maximum duty cycle intended for the con-
verter, f

PWM
 is the switching frequency of the converter, and 

Δv
C
 is the maximum voltage variation (ripple) desired in the 

capacitor. For the input capacitor is necessary to obtain the  
input current, which can be obtained based on the output power, 
efficiency and input voltage (19). It was selected a maximum 
ripple Δv

Cmax
 = 3 V for the input capacitor and Δv

Cmax
 = 1 V 

for the remaining capacitors.

1 2
( ( ))

14
PWM

L L

PWMC C

in
out in

in in in

P
i i i v

C C C F
v f v f

δδ
µ

∆ ∆

⋅− + ⋅
> ⇒ > ⇒ >

⋅ ⋅
    (19)

For the capacitors C
1
 and C

2
, the following Equation (20) can  

be used.

                   1 2 1 2 6.7
PWMC

outiC C C C F
v f

δ µ
∆

⋅= > ⇒ = >
⋅             (20)

These calculations shows that the proposed interleaved  
converter requires small capacitor which is an advantage over  
other topologies.

Power Circuit PCB Design
A printed circuit board (PCB) allows the integration of  
multiple passive and active electronic components in an elec-
trically and structurally efficient manner. However, designing 
PCBs for power electronics requires compliance with several 
design constraints, such as adequate clearance between traces  
to prevent electrical arcing and sufficiently wide copper tracks  
to avoid overheating and excessive resistive losses.

The PCB design followed the guidelines of the IPC-2221  
“Generic Standard on Printed Board Design”, a widely rec-
ognized reference also adopted by KiCad®, the software used 
for this article. KiCad® was selected for its intuitive interface, 
reliability, and suitability for rapid prototyping. The PCB was  
structured into three main functional sections: power circuit,  
control circuit, and measurement circuit. This modular layout 
improves clarity for assembly, troubleshooting, and test-
ing. The first step in the PCB design was to define the trace 

Table 2. Magnetic Parameters of the Ferrite 
Core E70/33/32DG.

Magnetic Parameter Value

Effective magnetic cross section (Ae) 683 mm2

Inductance factor (AL) 250 nH

Effective magnetic length (le) 149 mm

Saturation flow density (B) 390 mT

Table 1. Voltage relationship between 
components.

Voltage/Time (δ1Ts) (δ3Ts) (δ2 Ts, δ4Ts)

vL1 -vCin vC1 vC1

vL2 vC2 -vCin vC2

vLin vin - vCin vin vin - vCin

vDin1 0 vCin 0

vDin2 vC2 0 vC2

vD1 vCin + vC1 0 0

vD2 0 vCin + vC2 0

vS1 0 vCin + vC1 vCin + vC1

vS2 vCin + vC2 0 vCin + vC2
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widths based on the maximum expected current, according to  
Section 6.2 (Conductive Material Requirements) of IPC-2221, 
expressed by:

                                    0.44 0.725( )I k W H∆Τ= ⋅                         (21)

where I is the maximum current (A), ΔT is the tempera-
ture rise above ambient (°C), W is the trace width (mm), 
H is the trace thickness (mm), and k = 0.048 for external  
layers.

Assuming a 10 °C temperature rise and a 35 μm copper 
thickness, the resulting maximum current capacities are  
approximately 6.53 A for 4 mm traces (power stage), 2.39 A for  
1 mm traces, and 1.45 A for 0.5 mm traces (control stage).

During layout design, several IPC-2221 best practices were also 
applied:

•   �45° routing angles were used to minimize electromagnetic 
interference (Section 10.3.1, Conductor Routing).

•   �Minimum spacing between traces was set to 0.4 mm 
for 100–300 V and 0.8 mm for voltages above 300 V,  
according to Section 6.3 (Electrical Clearance) and  
Table 6.1 (Electrical Conductor Spacing).

•   �Decoupling capacitors were added near power devices  
to minimize voltage ripple (Section 6.4.6, Inductance  
Considerations).

•   �A large ground plane was implemented to reduce  
electromagnetic noise and improve circuit stability  
(Sections 6.4.6 and 10.1.2).

Figure 7 shows the fabricated PCB, with all components soldered 
with tin on the bottom layer of the board.

Gate Driver Circuit PCB Design
A pulse-width modulation (PWM) strategy was implemented 
to operate the proposed converter. The open-loop control 
setup was designed to evaluate the converter’s performance 
in terms of voltage gain and efficiency. This configuration 
also serves as a basis for later integration into a closed-loop  
system with stability analysis. Next sections present PLECS  
simulations of the converter’s dynamic response using PI  
output voltage control and MPPT-based PV input regulation.

As shown in Figure 8, the control circuit uses a variable  
resistor (RV1, 1 MΩ) to adjust the reference command  
voltage applied to the non-inverting terminals of the opera-
tional amplifiers. Two triangular carrier signals (0° and 180°  
phase-shifted, 0–5 V range) were generated using a GWINSTEK 

Figure 7. Power circuit PCB (Printed Circuit Board) photo.
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AFG-2225 signal generator to create the interleaved PWM  
signals.

The comparator stage employs TL084CN operational amplifiers 
(Texas Instruments), powered from ±7 V. To shift the output 
range from ±7 V to 0–7 V, each output includes a Zener 
diode in series with a 100 Ω resistor, clamping the negative  
voltage near zero.

The gate driver circuit provides galvanic isolation and signal 
amplification between the control and power stages, as illus-
trated in Figure 9. It is based on the UCC21520DW isolated 
dual-channel gate driver (Texas Instruments), which offers up to 
5.7 kV isolation, 100 V/ns common-mode transient immunity,  
6 A peak drive current, and a 19 ns propagation delay. The 
internal capacitive isolation technology uses a high-voltage  
dielectric layer to block DC current while maintaining signal  
integrity between high- and low-voltage domains.

The driver’s primary supply (VCCI) was provided by an 
external AX 323 Metrix DC source set to +12 V, while iso-
lated bias voltages for each channel were generated using  
IL1215S isolated DC-DC converters (XP Power). 10 µF  
ceramic decoupling capacitors (CDC1, CDC2) were added 
at each converter input to suppress noise and stabilize supply  
voltages.

At the PWM input pins (INA, INB), 100 Ω resistors and  
33 pF ceramic capacitors form RC filters to suppress high- 
frequency interference and improve noise immunity, following 

manufacturer recommendations. Additional bypass capacitors  
(10 µF and 22 µF) were distributed across the circuit to enhance 
stability. The DT pin (Pin 6) was tied to VCCI (Pin 3) to  
allow overlapping outputs, and the DIS pin (Pin 5) was  
grounded for improved noise immunity.

At the driver outputs (OUTA, OUTB), turn-on (RON = 2 Ω) 
and turn-off (ROFF = 1 Ω) resistors were added to reduce  
oscillations from parasitic inductances and minimize switching 
losses. Additional Zener diodes (DZ1, DZ2, –5.1 V) and 
300 Ω resistors (RZ1, RZ2) were placed between the gate 
and source of each MOSFET to prevent unintended turn-on  
due to voltage overshoot (dv/dt) or parasitic coupling. This  
configuration ensures stable operation and protects the power 
devices from false triggering.

Comparison with other interleaved quadratic DC-DC 
Boost topologies
This section is intended to compare the proposed solution with 
other interleaved quadratic Boost DC-DC topologies presented 
in the references52–56. Table 3 shows a comparison between 
the number of components needed to achieve the voltage  
gain obtained by each converter and maximum voltage stress  
over the power devices.

The comparison between these topologies shows that the solu-
tion proposed in this article is not the one that achieves the 
highest voltage gain but presents a relatively high voltage gain 
with less components and is one that presents the most reduced  
voltage stress over the power devices.

Figure 8. Open-loop PWM circuit diagram.
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Figure 9. Gate driver circuit diagram used in the PCB (components soldered with tin on the bottom layer).

Table 3. Comparison between some different interleaved quadratic Boost DC-DC 
topologies.

Topologies

Proposed 52 53 54 55 56

Number of Switches 2 1 2 2 2 4

Number of Diodes 4 3 6 4 6 2

Number of Inductors 3 2 4 4 4 4

Number of Capacitors 3 2 4 3 3 2

Switching Frequency 50 kHz 20 kHz 40 kHz 50 kHz 20 kHz 50 kHz

Voltage gain* 2
1

(1 )
δ
δ

+
− 2

1
(1 )δ− 2

2
(1 )δ− 2

(1 )(2 )
(1 )
n d

δ
+ −

− 2
1

(1 )δ− 2
2 2
(1 )

n
δ
+

−

Maximum Voltage 
stress over switches 2(1 )

out
in

V Vδ
δ
−

−
Vout

2
outV

2(1 )
inV
δ−

Vout

2( 1)
outV

n +

* n-winding ratio between coupled inductors

Figure 10 compares the theoretical voltage gain characteris-
tics of each DC-DC Boost converter topology. As shown in 
Figure 10, the proposed converter is able to provide a voltage 
gain output of six times the input voltage for δ = 0.5. The  
solution presented in 56 presents the best voltage gain below 
0.45 but the voltage gain rate above 0.45 is smaller than the  
proposed topology.

Laboratory validation
Open-loop PWM Control (Simulation test setup). Figure 11 
presents the schematic used in PLECS® to simulate the behav-
ior of the proposed DC-DC converter when applying a simple 
open-loop PWM control. As seen in the figure, the schematic 
is divided into four boxes, the red one being the power  
plant, the blue one being the control plant, the green one  
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Figure 10. Comparison between the proposed interleaved quadratic DC-DC converter other similar topologies regarding the 
voltage gain versus the duty cycle.

Figure 11. PLECS® schematic of the proposed DC/DC converter when applying an open-loop PWM control.
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dedicated to measurements and the black one to the efficiency  
analysis. All power devices were simulated using both their 
electrical and thermal datasheet information into the PLECS® 

environment. The efficiency was calculated using the dedicated 
PLECS® box available in the software, enabling the correct  
calculations of both conduction and switching losses.

Open-loop PWM Control (Experimental test setup). The 
practical tests of the proposed converter prototype were car-
ried out considering a maximum output power of 200 W, 
using a constant load resistance of 450 Ω, an input voltage  

of 50 V and a switching frequency of 50 kHz. The inductors  
are L

1
=L

2
=2mH and L

in
=1mH. The capacitors are C

in
=22μF 

and C
1
=C

2
=10μF (normalized values). It should be noted 

that all practical results were always compared with a  
computational validation of the converter circuit operation,  
employing the PLECS® software. Table 4 summarizes all  
the components used in the prototype converter.

Figure 12 shows a wide-angle photogrph of the workbench 
with the proposed converter prototype and all the essential  
devices to test the solution.

Table 4. Components used in the prototype proposed DC/DC converter.

Component Part Number (Rating)

Power Switches (S1, S2) C2M0080120D (1200 V, 36 A – SiC MOSFET TO-247-3)

Diodes (Din1, Din2, D1, D2) FFSP2065B-F085 (650 VDC, 20 A – TO-220-2L EliteSiC)

Inductor (Lin) 1 mH (16.91 A)

Inductors (L1, L2) 2 mH (23.67 A)

Capacitor (Cin) 22 µF (450 VDC - Electrolytic)

Capacitors (C1, C2) 10 µF (450 VDC - Electrolytic)

Figure 12.  Workbench with the proposed DC-DC converter prototype (1–Laptop with the circuit simulation in PLECS®; 2 – Load 
resistor; 3 – Inductor; 4 – Printed Circuit Board (PCB) of the power circuit and gate drive circuit; 5 – Power supply for the control 
circuit; 6 – Power Supply for the power circuit; 7 – Signal generator; 8 – Oscilloscope; 9 – Breadboard with the PWM control 
circuit).

Page 15 of 41

Open Research Europe 2025, 5:55 Last updated: 11 NOV 2025



Inductors and power devices waveforms
Figure 13 shows the experimental result of the three induc-
tor currents obtained from the power circuit of the proposed 
converter for δ = 0.4 and relation with the switching of the 
power devices. The results presented in Figure 13 confirm the  
dependence between each inductor and one of the power  
switches, specifically, the state of charge of L

in
 and L

2
 depends  

on the conduction state of S2, and the same situation occurs  
between L

1
 and S

1
. The mean current values are: iL

in
 = 1.169 A,  

iL
1
 = 810.2 mA and iL

2
 = 758.2 mA.

Diodes and power devices waveforms
Figure 14 illustrates the experimental results of the relationship  
between the diodes and the power switches voltage for  
δ = 0.4. According to the results shown above (Figure 13a)  
and Figure 13b), the conduction states of D

1
 and D

2
 are  

symmetric to the conduction state of S
1
 and S

2
, respectively.  

On the other hand, the conduction states of both input diodes  
D

in1
 and D

in2
 are dependent on the S

2
 (see Figure 14c) state,  

just like i
Lin

, as concluded before in Figure 13a). Notice that  
the power devices voltage waveforms are different depending  
on the experimental result for the same duty cycle, which is  
probably due to coupling of common mode noise, which is  
more intensive as the switching frequency increases.

Capacitors and power devices waveforms
Figure 15 shows the experimental results of each capacitor 
and the power switches voltages for δ = 0.4. Interpretating the 
results shown in Figure 15 and remembering the symmetric  
relation between D

1
 and S

1
, along with D

2
 and S

2
, it is clear the 

correspondence between the state of charge of both C
in
 and C

2
  

and S
2
, as well as, between C

1
 and S

1
. Making a parallel anal-

ysis between the results of Figure 13 and Figure 15, it is 
also possible to observe when an inductor is discharging the  
corresponding capacitor is charging and vice-versa. The mean  
voltage values are: v

Cin
 = 80.26 V, v

C1
 = 52.20 V and v

C2
 = 50.20 V. 

Notice that in the following figure, the Ch2 voltage gain is 
only 2V/div, and the reference is virtually several divisions  
bellow the minimum visible at the screen (this Peaktech  
oscilloscope allows this configuration). Thus, the noise is not  
so high as it seems at first sight.

Concerning the comparison between the simulation and experi-
mental results, it is shown in all the figures presented from  
Figure 13 to Figure 15 that the simulation behavior is correctly  
confirmed by the experimental results.

Output voltage and voltage gain
In this subsection several experimental results are pre-
sented of the output voltage, output current and a voltage gain  
comparison for different duty cycles. Figure 16 features the 
experimental voltage and current output result obtained with  
δ = 0.4. Observing Figure 16 it is possible to see that for  
δ = 0.4 the proposed prototype is able to produce an output  
voltage v

out
 = 189.8 V, which translates to a voltage gain  

(v
out

/v
in
) of 3.66. The mean value of the output current is  

equal to 453.4 mA.

Figure 17 shows the experimental result of the output volt-
age and output current obtained in the prototype for δ = 0.5. 

Observing Figure 17 with this duty-cycle is possible to 
observe an output voltage v

out
 = 291.00 V, which translates to 

a voltage gain (v
out

/v
in
) of 5.82. The mean value of the output  

current is equal to 690.6 mA, which translates into a P
out 

≈ 200 W.

As a final experimental result, the prototype was tested with a 
duty-cycle value δ = 0.6. Figure 18 shows the output voltage 
in this condition. According to Figure 18, the experimental 
result obtained of the output voltage obtained with a duty-cycle  
δ = 0.6 is 436.7 V. Which means it is possible to get a voltage  
gain (v

out
/v

in
) of 8.62. Above this duty-cycle is difficult to  

increase the voltage gain due to increased losses.

Figure 19 compares the theoretical voltage gain of the  
proposed converter, the computational simulation results (sim-
ulated in PLECS®) and also the experimental voltage gain  
obtained.

Analyzing Figure 19 is possible to observe in the duty-cycle 
range from 0.05 to 0.60, the output voltage and voltage gain of 
the experimental prototype shows a high degree of similarity 
when compared with the simulation and theoretical calculations.  
Additionally, it is confirmed that with a duty-cycle of 0.20, a  
gain voltage greater than 1.7 is achieved, with a duty-cycle of  
0.30, a voltage gains greater than 2.5, with a duty-cycle of 
0.40, a voltage gains greater than 3.6 and with a duty-cycle 
of 0.50, a gain greater than 5.8 is achieved. A maximum gain 
of 8.62 was achieved with a duty-cycle of 0.60. Behind this  
duty-cycle is difficult to improve the voltage gain since the losses 
become extremely high.

Efficiency analysis  
This section discusses the results obtained based on experi-
mental test observations, oscilloscope waveforms, and meas-
ured voltages and currents. The analysis aims to evaluate 
the converter’s overall efficiency and to identify the optimal  
operational point. Both simulated and experimental results are  
compared to assess the validity of the proposed design.

In experimental prototypes of DC-DC converters, the total  
efficiency depends not only on ideal power transfer but also 
on several non-ideal factors such as conduction, switching, 
and magnetic losses. Since the current and voltage waveforms  
vary with the duty-cycle (δ), the efficiency and total losses are  
inherently functions of δ. The converter’s efficiency can be 
expressed as:

                      
( ) ( ) ( )

( )
( ) ( ) ( )

OutOutput Out

in inInput

P V i
P V i

δ δ δ
η δ

δ δ δ
⋅

= =
⋅                    (22)

During the experimental measurements, the efficiency of the 
DC-DC converter prototype was evaluated using (22), based  
on the measured input and output voltages and currents.

However, in PLECS® environment, to better understand the 
internal loss mechanisms, an equivalent non-ideal circuit 
model was developed, including parasitic elements such 
as the MOSFET on-resistance (R

DS(on)
), diode forward  

voltage (V
F
), inductor series resistance (R

L
), and capacitor  

equivalent series resistance (R
C
). The total power loss can  

then be expressed as:
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Figure 13. Inductor currents and power devices voltages for δ = 0.4: a) iLin and vS2; b) iL1 and vS1; c) iL2 and vS2.
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Figure 14. Diodes and power switches voltages for δ = 0.4: a) vD1 and vS1; b) vD2 and vS2; c) iLin , vDin1 and vDin2.
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Figure 15. Capacitor and power switches voltages for δ = 0.4: a) vCin and vS2; b) vC1 and vD1; c) vC2 and vD2.
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Figure 16. Output voltage and current for a duty cycle, δ = 0.4.

Figure 17. Output voltage and current for a duty cycle, δ = 0.5.
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Figure 19. Comparison between theoretical, simulation and experimental voltage gain.

Figure 18. Output voltage for a duty cycle, δ = 0.6.
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, , , ,( ) ( ) ( ) ( ) ( ) ( )CL S CL D CL L CL C SLLossesP P P P P Pδ δ δ δ δ δ= + + + +    (23)

Where:

•	�  ,
2

, ( )( ) ( )CL S DSSwitch rms onP i Rδ δ= ⋅ : Conduction losses in 

MOSFETs

•	� P
CL,D

 (δ) = V
F
 ∙ i

D,avg
(δ): Conduction losses in diodes

•	 � ,
2

,( ) ( ) LCL L L rmsP i Rδ δ= ⋅ : Conduction losses in inductors

•	�  ,
2

,( ) ( )CL C CC rmsP i Rδ δ= ⋅ : Conduction losses in capacitors

•	� P
SL

 (δ) = 0.5 ∙ V
sw

 (δ) ∙ i
sw

 (δ) ∙ (t
on 

+ t
off

) ∙ f
sw

: Switching 
losses

The current and voltage stress of the power devices are  
proportional to the duty cycle, which means that at higher δ  
values, both conduction and switching losses increase. Con-
versely, at lower δ values, current ripple and average currents 
dominate, leading to higher conduction losses in inductors and  
MOSFETs.

The analytical efficiency model was implemented in PLECS®, 
using parasitic parameters obtained from datasheets. The 
simulated efficiency curve exhibits the same trend observed 
experimentally, where efficiency increases with δ up to an  
optimal operating point, then gradually decreases as both  
switching and conduction losses become more significant.

In the PLECS® simulation environment, two dedicated func-
tional blocks were used, one for switching loss calculation and 
another for conduction loss calculation. The resulting losses  

were then summed up and applied in (24) to obtain overall  
converter efficiency.

                         
( )

( )
( ) ( )
Output

LossesOutput

P

P P

δ
η δ

δ δ
=

+                           (24)

Figure 19 shows the graphical result of the efficiency obtained 
in both simulation and experimental tests, as function of the  
converter duty cycle.

After analysing the results presented in Figure 20, a close cor-
relation is observed between the efficiency variation and the 
duty-cycle applied to the converter. For a duty-cycle varia-
tion from 0.05 to 0.60, an efficiency range around 97% to 90% 
was obtained in the simulation tests and an efficiency range 
around 96% to 90% was obtained in the experimental tests. It is  
also observed that a maximum efficiency of 96.79% was  
achieved for a duty-cycle δ = 0.25. 

Figure 21 illustrates the evolution of experimental efficiency 
and voltage gain over the duty cycle. The purpose of this rela-
tionship is to evaluate at which output voltage gain value 
it is possible to achieve the best efficiency, helping us to  
identify an optimal operating point for the proposed DC-DC  
converter prototype.

Examining Figure 21 is possible to observe that the optimal 
operating point of the converter happens with a duty-cycle 
of δ =0.25 which results in a voltage gain of 2.09 (marked in 
red in the figure). However, it is clear that, up to a duty-cycle 
of 0.60, the converter maintains an efficiency between 90% 
and 96%, which can be considered quite satisfactory. At the  
maximum value for which it was designed, with a duty-cycle 

Figure 20. Comparison between the simulation and the experimental results concerning the converter efficiency.
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of 0.50, the converter presents a voltage gain of 5.82 and an  
efficiency of 94.76%. Additionally, there is very little variation  
in efficiency, as it remains between 96% and 95% until reaching  
a duty-cycle of 0.50.

Finally, Figure 22 shows the relation between the output 
power and the output voltage gain of the proposed topology  
considering a fixed duty-cycle of 0.50, showing certain  
limitations over the output gain due to several losses.

For duty cycles (δ) above 0.5, an additional operating con-
dition appears in which both S1 and S2 conduct simultane-
ously. This fourth state, shown in Figure 23, creates an overlap 
between the interleaved channels. The current-loop analysis  
corresponding to this additional operating mode is illustrated in  
Figure 23. As observed, D

1
, D

2
, and D

in1
 are turned off, 

whereas D
in2

 conducts. During this interval, all three inductors 
store energy (charging mode), while the three capacitors 
release energy (discharging mode). Although this regime 
increases the converter’s voltage gain, it also raises the instan-
taneous current stress on the power devices and amplifies 
switching losses, as both switches share conduction intervals.  
Consequently, this overlapping mode is critical for understand-
ing the efficiency degradation observed experimentally for  
δ > 0.5.

To quantify these effects, Figure 24 and Figure 25 present the 
simulated loss distribution obtained from PLECS® for δ = 0.4, 
0.5, and 0.6. Figure 24 shows the total losses per component  
(S

1
, S

2
, D

1
, D

2
, D

in1
, D

in2
), where it details the switching and  

conduction losses of both MOSFETs. Two dedicated PLECS®  
functional blocks, one for switching losses estimation and 

another for conduction losses estimation were employed. As 
confirmed before in Figure 20, simulated efficiency curve  
follows the same pattern as the experimental curve, with 
slightly higher values due to idealized parasitic parameters and  
datasheet values used in the modeling. Although, the similarity 
between simulated and experimental efficiency results confirms  
the high accuracy of the simulation model and provides  
confidence in the reliability of the simulated data.

The results clearly indicate that losses increase with the duty-
cycle and that their distribution becomes progressively unbal-
anced. At δ = 0.4, total power losses are relatively balanced 
between switches and diodes. At δ = 0.5, S

2
 already exhib-

its higher conduction and switching losses, and at δ = 0.6 this 
imbalance becomes dominant, with S2 accounting for nearly  
half (48%) of the total dissipation. This asymmetry between 
S

1
 and S

2
 arises from differences in their respective current 

paths. As shown in Figure 3 (S
1
 ON) and Figure 5 (S

2
 ON), as 

well as in Figure 23 (both switches ON), the conduction path 
associated with S

2
 consistently carries higher current levels,  

resulting in greater conduction losses. Regarding switching 
losses, S

2
 also experiences higher voltage stress during turn-

on and turn-off transitions due to capacitor interactions and  
interleaving effects.

The overlapping conduction mode depicted in Figure 23  
reinforces these findings: simultaneous operation of S

1
 and S

2
  

produces higher current peaks through both inductors and  
diodes, leading to increased switching and power losses. 
Although this mode extends the voltage gain, it compromises 
efficiency and thermal balance. Therefore, in practical implementa-
tions, operation beyond δ = 0.5 should be avoided.

Figure 21. Comparison between experimental voltage gain result and experimental efficiency result. A maximum efficiency of 
96.79% was achieved for a duty-cycle around δ = 0.25.
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In a nutshell, the converter achieves a maximum efficiency 
of approximately 96.8% at δ ≈ 0.25, where both conduc-
tion and switching losses are minimized. For δ > 0.5, the  
increased switching transitions and diode recovery effects  
contribute to a measurable reduction in efficiency.

The results confirm that the proposed interleaved quadratic boost 
converter maintains high efficiency and stable performance 
across a wide duty-cycle range, validating both the analytical 
and experimental findings. This reinforces its suitability for 
applications such as PV microgrids and other RES systems, 

Figure 22. Output voltage gain versus Output Power, considering a fixed duty-cycle of 0.50.

Figure 23. Current flow analysis when both S1 and S2 are turned ON.
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Figure 24. Simulated diodes and MOSFETs power losses (PLECS®) for δ = 0.4–0.6.
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Figure 25. Switching and conduction losses in both MOSFETs (PLECS®) for δ = 0.4–0.6.
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where operation under varying input and duty conditions  
is common.

Voltage gain and efficiency comparison with other 
topologies   
This section aims to compare the experimental perform-
ance of the proposed converter with the same topologies pre-
viously reported in Table 3, specifically those presented in  
references52–56. Table 5 summarizes the main operating charac-
teristics of each converter, including input voltage, maximum 
output voltage, corresponding duty-cycle, voltage gain, rated 
power, and efficiency. The comparison highlights the perform-
ance of the proposed converter relative to existing designs, par-
ticularly in terms of voltage gain, efficiency, and prototype rated  
power achieved. 

The comparison between the analyzed topologies reveals that the 
proposed converter does not achieve the highest experimental  
voltage gain, this is obtained in 53 with a gain of 15.83 at δ 
= 0.65, but with a lower rated power of 100 W and a lower 
efficiency of 92.50%. While the proposed prototype demon-
strates a balanced trade-off between voltage gain, efficiency, 
and power capability. With an input voltage of 50 V, the  
proposed topology reaches a maximum output voltage of 
436.7 V, with a voltage gain of 8.62 at δ = 0.60, delivering  
200 W with a measured efficiency of 94.76% and a peak  
efficiency of 96.79% at 26.6 W. 

Compared to other converters, the proposed converter operates 
with a higher input voltage and still maintains high efficiency 
across a wide duty-cycle range. In contrast, converters in 52–54  
and 56 achieve their voltage gains at lower input voltages (10 
to 24 V). The topology in 55 is limited to simulation results,  
and 56 achieves similar maximum efficiency (96.80%) under a 
higher power of 150 W. 

Overall, the proposed converter exhibits a competitive perform-
ance, combining relatively high voltage gain and efficiency 

with moderate duty-cycle operation. This balance between 
efficiency, voltage gain, and practical scalability makes the 
proposed topology a suitable converter to use in RES and  
DC microgrid applications where both voltages gain, and efficiency 
are required.

PI output voltage control (Simulation test setup) 
To evaluate the closed-loop dynamic performance of the  
proposed interleaved quadratic boost converter, a PI output 
voltage control scheme was implemented in the PLECS® 
simulation environment. The objective of this control stage 
is to regulate the DC output voltage under varying load and 
reference conditions, ensuring stability and fast transient  
response. Figure 26 presents the integral scheme of the  
PLECS® system created for the tests.

As illustrated in Figure 26, the control strategy employs a  
proportional–integral (PI) controller in a classical feedback con-
figuration, where the output voltage is continuously compared 
with a predefined reference. The resulting error is processed 
by the PI compensator, which adjusts the duty-cycle of both  
switches to maintain the output voltage at the desired level. The 
reference voltage and load conditions were varied over time  
to assess the controller’s robustness and adaptability.

To evaluate the converter’s dynamic performance under closed-
loop control, the simulation begins at 0.0 s to 0.4 s, where 
the voltage reference is initially set to 150 V with a 450 Ω 
load (50 W). Then, from 0.4 s to 0.8 s, the reference voltage is 
increased from 150 V to 300 V while maintaining the same  
load of 450 Ω (200 W). From 0.8 s to 1.2 s, the load is changed 
from 450 Ω to 600 Ω, corresponding to a power reduction from 
200 W to 150 W. Finally, from 1.2 s to 1.6 s, the load varies  
again from 600 Ω to 500 Ω, resulting in an increase in power  
from 150 W to 180 W.

These test conditions were designed to correctly emulate typi-
cal operating scenarios encountered in RES systems, where both  

Table 5. Experimental voltage gain and efficiency comparison between some different 
interleaved quadratic Boost DC-DC topologies.

Topologies

Proposed 52 53 54 55 56

Input Voltage 50 V 10 V 24 V 20 V 57 V 12 V

Maximum Output Voltage 
obtained

436.7 V 
(δ = 0.60)

40 V 
(δ = 0.40)

380 V 
(δ = 0.65)

240 V 
(δ = 0.50)

400 V 
(δ = 0.62)

120 V 
(δ = 0.70)

Maximum Voltage Gain 
obtained (vout/vin)

8.62 
(δ = 0.60)

4.00 
(δ = 0.40)

15.83 
(δ = 0.65)

12.00 
(δ = 0.50)

7.02 
(δ = 0.62)

10.00 
(δ = 0.70)

Converter’s rated Power 200 W 100 W 100 W 300 W - 500 W

Rated power Efficiency obtained 94.76% 95.60% 92.50% 95.50% - 91.2%

Maximum Efficiency obtained 96.79% 
(26.6 W) - - 96.25% 

(50 W) - 96.80% 
(150 W)

Page 27 of 41

Open Research Europe 2025, 5:55 Last updated: 11 NOV 2025



the output voltage reference and the load demand may 
change dynamically. Both proportional and integral controller  
parameters were tuned to achieve minimal overshoot and a fast-
settling time while maintaining stability across all operating  
conditions.

Figure 27 presents the input voltage (v
in
), output voltage  

(v
out

), output current (i
out

) and the output load power (P
Load

)  
results during the interval between 0.0 s and 0.4 s.

As shown in Figure 27, the output voltage accurately follows 
the 150 V reference defined in the PI compensator, settling  
within about 0.1 s. 

Figure 28 illustrates the dynamic response of the proposed 
converter between the interval from 0.4 s to 0.8 s, when the  
voltage reference is increased to 300 V while maintaining the  
same load.

The output voltage again follows the new reference within 
0.1 s, with no observable overshoot or oscillation. Both  
Figure 27 and Figure 28 demonstrate that the converter achieves  
a smooth transient response and robust reference tracking.

Figure 29 depicts the converter behavior between 0.8 s 
and 1.2 s, when the load decreases from 450 Ω (200 W) to  
600 Ω (150 W).

Despite the reduction in load, the output voltage remains regu-
lated around 300 V, with a maximum deviation between 285 V 
and 315 V (±5%) and a settling time of less than 0.25 s. The 
output current exhibits a slight variation between 0.48 A  
and 0.53 A (±5%), consistent with the load change.

Figure 30 provides the converter’s main parameters for the 
interval from 1.2 s to 1.6 s, where the load increases from  
600 Ω (150 W) to 500 Ω (180 W). 

Once again, in Figure 30, the output voltage remains stable 
around the 300 V reference, with a smaller variation of about 
±3% (290 V to 308 V) and a settling time of approximately 
0.20 s. The corresponding output current varies between  
0.58 A and 0.62 A (±3%), reflecting smooth transient behavior.

Throughout all simulation intervals, the converter main-
tains an efficiency between 95.6% and 96.5%, confirming the  
effectiveness of the closed-loop PI control in preserving  
both dynamic stability and high efficiency under varying  
reference and load conditions.

MPPT PV Control (Simulation test setup) 
To evaluate the converter’s performance when supplied by a 
photovoltaic (PV) source, an MPPT (Maximum Power Point 
Tracking) control algorithm was implemented in the PLECS® 
simulation environment. The objective of this test is to assess  

Figure 26. PLECS® schematic of the proposed DC/DC converter applying a closed-loop PI output voltage control.
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Figure 27. PLECS® result for closed-loop control between 0.0 s and 0.4 s.

Figure 28. PLECS® result for closed-loop control between 0.4 s and 0.8 s.
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Figure 29. PLECS® result for closed-loop control between 0.8 s and 1.2 s.

Figure 30. PLECS® result for closed-loop control between 1.2 s and 1.6 s.
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the converter’s ability to dynamically extract the maximum  
available power from the PV array (input voltage) while  
maintaining stable voltage regulation under varying irradiance  
and temperature conditions.

The simulation setup consists of a PV source modeled accord-
ing to manufacturer datasheet parameters, connected to the 
input of the proposed converter. The converter operates under 
a single closed-loop control stage, where the MPPT algorithm 
directly generates the duty-cycle applied to both switches. Two 
common MPPT algorithms, Perturb and Observe (P&O) and 
Incremental Conductance (IC), were tested under identical  
conditions, both demonstrating nearly identical performance 
in terms of tracking speed, accuracy, and stability. Therefore, 
only the P&O algorithm results are presented in this section  
for clarity and conciseness. Figure 31 presents the integral  
scheme of the PLECS® system created for the tests.

The PV array modeled in PLECS® consists of a string of three 
BP 365 photovoltaic modules connected in series. Each module 
has a maximum power point (MPP) power of 65 W, with an 
MPP voltage of 17.6 V and an MPP current of 3.69 A. The 
resulting string produces a total power of approximately  
195 W at an MPP voltage of 52.8 V under standard test  
conditions (STC: 1000 W/m2, 25°C).

A 250 V voltage source was also connected at the converter out-
put to emulate a DC-link bus typically controlled by another 
converter stage. This setup allows evaluation of the pro-
posed converter’s MPPT performance independently from the  
DC-link voltage control, focusing only on the solar PV energy 
extraction and dynamic response.

During the simulation, the PV irradiance and temperature 
were dynamically changed to emulate realistic environmental 
conditions. From 0.0 s to 0.4 s, the irradiance was set to 1000 
W/m2 with a temperature of 25°C, representing standard 
test conditions. Between 0.4 s and 0.8 s, the irradiance was  
reduced to 700 W/m2 while maintaining the same tempera-
ture. From 0.8 s to 1.2 s, the irradiance returned to 1000 W/m2 
at 25°C, and finally, during the last interval, from 1.2 s to 1.6 s,  
the irradiance remained constant at 1000 W/m2, but the  
temperature increased to 40°C.

The first simulation interval, between 0.0 s and 0.4 s, is pre-
sented in Figure 32. In this section, each result will show the  
PV voltage (v

pv
), PV current (i

pv
) and the PV power (P

pv
). 

The results obtained in Figure 32 show that the PV voltage 
is placed between 53.3 V and 52.2 V, resulting in an average  
voltage of 52.8 V (±1%), the same value as the MPP voltage 

Figure 31. PLECS® schematic of the proposed DC/DC converter applying a MPPT PV control.
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Figure 32. PLECS® result for MPPT PV control between 0.0 s and 0.4 s.

presented in the datasheet (17.6 V × 3). The PV current varies 
between 3.43 A and 3.95 A, translating in an average current  
of 3.69 A (±7%), matching the MPP voltage presented in 
the datasheet. The PV power waveform is between 182 V 
and 208 V, which means an average power of 195 W (±7%), 
exactly same as the datasheet. The next simulation interval 
is between 0.4 s and 0.8 s, where the irradiance decreases  
from 1000 W/m2 to 700 W/m2, as depicted in Figure 33.

According to the results in Figure 33, following the irradiance 
step-down, the PV power decreases from 195 W to approxi-
mately 134.5 W and stabilizes in less than 0.05 s. The PV 
voltage remains nearly constant at 52.2 V, while the current 
decreases to an average of 2.58 A, consistent with the expected  
irradiance reduction. 

Figure 34 presents the waveform results from 0.8 s to 1.2 s, 
when the irradiance returns from 700 W/m2 back to the initial  
1000 W/m2.

As before, the converter successfully tracks the maximum 
power point after the irradiance increase, recovering the PV 
generation to its nominal level. The PV voltage stabilizes at an  
average of 52.8 V, and the current returns to 3.69 A, both 
within 0.05 s, demonstrating the fast and stable response of the  
MPPT controller. 

Finally, Figure 35 shows the results obtained between 1.2 s 
and 1.6 s, where the irradiance remains constant in the  
1000 W/m2 while the temperature is increased to 40 ºC.

As shown in Figure 34, the increase in temperature causes 
the PV voltage to decrease to an average of 48.7 V (approxi-
mately –8% compared to STC), while the current slightly 
increases to 3.72 A (+1% compared to STC). These variations  
are consistent with the well-known temperature dependence  
of PV cells, where higher temperatures reduce the open-circuit  
voltage and slightly increase the short-circuit current.  

Across all simulated intervals, the converter consistently 
achieved efficiencies ranging from 95.6% to 96.1%, demon-
strating the MPPT PV control’s capability to maintain dynamic  
stability and high efficiency under fluctuating irradiance and  
temperature conditions.

Discussion 
The proposed interleaved quadratic boost DC-DC converter 
demonstrated robust performance and consistent behavior 
across simulation and experimental stages. The component 
stress analysis confirmed that the voltage stress over each 
power switch was reduced compared to other similar proposed  
topologies in the literature, with the maximum voltage stress 
over power devices S

1
 and S

2
 as v

Cin
 + v

C1
 and v

Cin
 + v

C2
,  

respectively.

There is still constant research regarding the design of new 
DC-DC converter topologies with high-voltage gain ratio and 
boost ability to extend the operation of RES, and other sources, 
all over the available voltage ranges, extracting efficiently as 
much energy as possible. In this article, it was made a brief 
research about other types of DC-DC converters and it was 
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Figure 33. PLECS® result for MPPT PV control between 0.4 s and 0.8 s.

Figure 34. PLECS® result for MPPT PV control between 0.8 s and 1.2 s.

decided to create a new interleaved quadratic DC-DC converter  
topology. 

Quadratic DC-DC converters are some of the topologies that 
can achieve high voltage gains and are the most suitable for  

several RES applications due to the variability of most of them, 
which are dependent on weather conditions, location, distri-
bution system and other aspects. When compared with other 
topologies in the literature, especially other quadratic DC-DC 
converters, the proposed topology is the one with higher  
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Figure 35. PLECS® result for MPPT PV control between 1.2 s and 1.6 s.

voltage gain but presents a reduced number of components 
and the interleaved solution allows to reduce the voltage and  
current stress over power devices which allows to increase the  
reliability of the solution. 

The laboratory prototype was tested in several conditions  
during several days to evaluate the overall performance, namely 
the voltage and current stress, robustness, overheating issues,  
hot spots, electromagnetic noise, efficiency, sensitivity to  
parameters variation and other aspects.

Regarding the electromagnetic noise, some adjustments need 
to be made to future work on the printed circuit board and 
components, but the overall performance is quite acceptable.  
This will allow us to improve some waveform and interference  
due to electromagnetic noise. 

Efficiency was measured in several conditions and real values 
between 90% (worst conditions) and 96% (best condition) 
were achieved. Its analysis revealed that conduction and switch-
ing losses increase with duty-cycle, especially when both 
switches overlap in conduction for δ > 0.5. Loss modeling  
in PLECS® confirmed that S

2
 experiences higher conduction 

and switching stress due to its current path characteristics. Nev-
ertheless, the correlation between simulated and experimental  
data was high, confirming the precision of the analytical  
model. 

Another relevant aspect is the reduced capacitance of capaci-
tors, due to the interleaved operation. This leads to reduced 

stress over capacitors and distributed voltage. Notice that 
the output voltage is the sum of the voltage over the three  
capacitors. 

A low power laboratory prototype was developed but it is 
possible to develop a similar converter with higher power  
density. 

Dynamic performance tests under closed-loop PI control dem-
onstrated good voltage regulation and transient response. 
For output reference steps from 150 V to 300 V, the con-
verter exhibited fast settling (around 0.1 s), minimal overshoot 
(<5%), and maintained efficiency above 95%. Under load  
variations, voltage deviations remained within ±5%, ensuring  
operational stability and adaptability. Furthermore, the MPPT 
PV control simulations confirmed the converter’s ability to 
effectively extract maximum power from photovoltaic arrays 
under varying irradiance and temperature. The Perturb and 
Observe (P&O) algorithm maintained the PV voltage within  
1% of its MPP reference and achieved full recovery to MPPT  
stage within 0.05 s after irradiance changes, confirming the  
converter’s capability to operate in PV systems.

Conclusions
This article proposed a new interleaved quadratic DC-DC 
boost converter topology with high-voltage gain, including 
the first theoretical operation analysis, design and further 
experimental validation, using a 200 W laboratory prototype  
operating at 50 kHz. The experimental results demonstrate that 
the proposed topology allows higher voltage gains than most  
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well-known quadratic topologies, reaching a voltage gain 
from six to more than eight in a real prototype without com-
promising the efficiency significantly. The proposed converter 
provides continuous input and output current and a simple  
PWM control strategy. It was possible to optimize the  
converter’s efficiency by adjusting the duty cycle, which is  
important when we want to minimize conduction and switching 
losses. 

The results obtained indicate that there is an optimal operat-
ing point where efficiency is maximized, achieving an effi-
cient balance between voltage gain and associated losses. 
Additionally, there is no significant variation in efficiency, 
which remains between 95% and 96% up to a duty-cycle of 
0.50, where a voltage gain of 5.82 is achieved in a real setup.  
However, when the voltage gains increase behind this point, 
efficiency began to decrease, resulting in an evident trade-
off between maximizing voltage gain and energy efficiency. 
This trade-off is particularly relevant in solar photovoltaic  
applications, where it is necessary to find an appropriate  
compromise between voltage gain and efficiency based on the  
specific requirements of the system.

Furthermore, the converter can effectively combine a high step-
up ratio with simple control and robust dynamic response, as 
confirmed by both PI output voltage control and MPPT PLECS®  
simulations. Under varying irradiance and temperature condi-
tions, the converter maintained accurate power point tracking and 
stable output voltage, confirming its suitability for photovoltaic  
integration and energy management in DC powered systems.
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your probes captured switching noise that was not contained by limiting the bandwidth of the 
voltage probes. 
 
In addition to showing gain vs. duty cycle, it would be instrumental to add normalized switch 
stress vs gain, as at this point, many high-gain topologies fail to deliver performance 
(overstressing switches).
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Quadratic Boost Converters has been widely explored in the literature over the past few decades. 
Various studies have discussed different topologies and designs aimed at achieving high-gain 
conversion and high efficiency. Therefore, determining the novelty of the proposed circuit is 
challenging. 
 
In the abstract, the author mentions the converter's efficiency values, but in the body of the 
article, the efficiency analysis is missing. Including the converter’s efficiency formulas, derivations, 
and equivalent circuit under non-ideal conditions would greatly enhance the reader's 
understanding of the converter's dynamic performance. 
 
While efficiency is a critical metric for DC-DC converters, its discussion in the manuscript is 
minimal. Please elaborate on how the efficiency was calculated, and provide deeper insights into 
switching and conduction losses. 
 
The authors are encouraged to include a discussion on voltage and current stress on key 
components, which would help evaluate the reliability of the proposed converter. 
 
The comparison section is incomplete and requires significant improvement. It should 
convincingly compare the proposed converter with existing topologies. Specifically, comparisons 
should include power losses (both switching and conduction), power density, efficiency, and other 
relevant performance metrics. 
 
In the manuscript, hardware results are presented and explained. However, the implementation 
details using MATLAB software are lacking—particularly with respect to the voltage and current 
waveforms of inductors, capacitors, and switches. 
 
There is no step response analysis presented for the converter. Including this analysis would 
significantly improve the understanding of the converter's dynamic performance. Detailed 
information on how the gate drivers are integrated into the circuit and the component selection 
criteria would also be beneficial. 
 
The quality of the figures throughout the manuscript is substandard. Most figures are low-
resolution and appear pixelated, which hampers clarity and readability. It is recommended to 
provide high-resolution vector graphics (preferably in PDF or EPS format) to ensure clear 
visualization of plots and circuit diagrams.
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