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Abstract— In recent decades, DC-DC converters have been
important to help the penetration of renewable energy sources
into the power grid and for use as independent power sources.
These power converters are commonly used in many power
conversion appliances and portable electronic devices.
However, to regulate and convert a photovoltaic (PV) power
source voltage to the required output voltage, it is often
necessary to use DC-DC converters to provide a stable and
adjustable voltage, a feature that most of these converters do
not guarantee. Thus, this paper presents a new single-switch
DC-DC converter with Boost characteristics. This converter is
characterized by extended static voltage gains and input/output
currents. Besides, differently to the standard Boost, the voltage
stress of the proposed converter switch is lower than the
converter output voltage. The proposed converter operating
principle and static gain will be examined through theoretical
analysis. Some simulation and experimental tests will evaluate
its performance and other particularities of this DC-DC
converter.
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L INTRODUCTION

Renewable energy sources are playing an increasingly
important role in the energy sector. Among the numerous
renewable energy sources available today, solar photovoltaic
(PV) has been playing a crucial role. This trend can be
largely attributed to several factors of the PV systems,
including the minimal environmental impact of energy
generation, an immense natural energy source, the ability to
be installed in several sunny places, and the ease of
installation, operation, and maintenance. However, to
interconnect the DC low voltage of solar panels to the power
grid, high gain step-up DC-DC intermediate converters are
required [1-3]. This kind of power converters is also required
in consumer electronics, lighting devices, electric vehicles,
and their chargers, as well as in many other industrial
applications [4-8]. In addition to these applications, they are
widely used in energy generation from renewable sources,
particularly for the integration of renewable energy sources
into the electrical power grid. [9-11]. One important feature
of these DC-DC converters is their ability to regulate the
voltage supplied by the PV power source, providing a stable
and adjustable output voltage required by AC inverters [12].
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Additionally, DC-DC converters present many other
features, such as reliability, high efficiency, low
maintenance, reduced size, and low cost, making them
attractive for many industrial applications [13].

Many DC-DC converters based on standard topologies
have been developed and proposed in the literature to
enhance certain features. However, for renewable energy
applications requiring high voltage gain, many of these
solutions only achieve the needed gain using duty cycle
extreme values. This operating point, however, leads to
increased losses and costs, degrades system performance,
and results in low efficiency [14]. For PV systems a DC-DC
converter must provide a high step-up voltage gain and high
efficiency to raise the low voltage generated by PV panels to
a suitable level for further use [15-19]. In this regard, to
boost the output voltage, a step-up topology, such as the
standard DC-DC boost converter with continuous input
current, can be used [20-22]. However, in most topologies
the voltage gain is significantly limited due to the parasitic
elements of inductors, capacitors, and switching
semiconductors [23]. In fact, many research efforts have
been done get a high voltage gain. In many research works,
using different techniques extended voltage gains led to
quadratic voltage gains [24-26]. Unfortunately, most of these
configurations need high component count, presenting
challenges in terms of control due to their complexity.

Under the previous context, a new contribution regarding
a novel topology of the single-switch DC-DC converter with
Boost characteristics is proposed. This structure stands out
due to its enhanced static voltage gain and input/output
continuous current, which improves the overall performance.
Indeed, this new converter structure is ideal for several
applications requiring extended voltage static gain, such as
fuel cells and solar PV panels under shading. Furthermore,
the proposed converter ensures stable operation under
different conditions by efficiently managing both input and
output currents. The design aims to optimize energy
conversion and increase the efficiency of power systems. In
addition, this converter operates with reduced voltage stress
on the power semiconductor and reduced ripple in the input
current. The performance of the proposed DC-DC converter
topology will be shown through the presentation of several
simulations and experiments obtained using computer
platforms and a laboratory prototype, respectively.
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II.  DC-DC CONVERTER TOPOLOGY AND DYNAMICS

Photovoltaic panels connected in series under shading
conditions may require individual DC-DC converters that
can handle a wide range of input voltages and provide a wide
range of output voltages, both above and below the input
voltage, to adapt to the most demanding shading conditions.
In this regard, this paper suggests the development of a novel
DC-DC  converter that employs a single-power
semiconductor and a straightforward control circuit. The
structure of the proposed DC-DC converter is illustrated in
Fig. 1. Operating in the continuous conduction mode (CCM)
this converter presents low ripple input current, reduced
voltage switch stress, and wide range of voltage conversion.
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Fig. 1. The DC-DC converter topology proposed

To simplify the study of this converter operating modes,
ideal switches, inductors and capacitors are assumed together
with operation at steady-state in CCM. Considering Ts the
switching period and J the duty-cycle, the following
operation modes can be described:

Switch Sw in ON state: Based on the equivalent circuit
presented in Fig. 2, during the ON state the transistor Sy is
ON during the time interval from 0 to ¢7s. In the ON-state,
diodes D; and D; are reverse-biased, while currents in both
inductors (L; and L) increases, as the input power source V;
transfers energy to them. On the other hand, the capacitors
Ci and C; are in discharging mode and capacitor C; in
charging mode. In this case the voltage applied to the load is
the voltage across Cs. The state variable dynamics are given

by (1).
diy Vi, diy _Vi+Ve, —Ves
L~ dt L,

(1
vy, 1, dv, 1, dVv,, 1

dt c ot C

& < &
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Fig. 2. Topological mode for the proposed converter when the transistor
Sy is turned-on between 0 to 67T

Switch Sw in OFF state: Based on the equivalent circuit
presented in Fig. 3, in the OFF-state mode the transistor Sy
is OFF during the time interval from 675 to 7s. During this
OFF-state diodes D; and D, are conducting. The stored
energy of the inductor L; is discharged to the capacitor C;
while the inductor L, discharges the energy stored to the
output load. The state variable dynamics are given by (2).

dt L dt L,
dL:L(;j dL:L[;J @
a Cc\ 2 a C\ 2
T = gt
D,
I > E— —
Vi A_ Y R
T + L t G OVO
C D,

Fig. 3. Topological mode for the proposed converter when the transistor
Sw is turned-off between 675 to Ts

III.  ANALYSIS AND DESIGN OF THE CONVERTER

A.  Input to Output Voltage Gain

To determine the steady-state voltage gain of the
proposed DC-DC converter, the analysis was conducted
assuming CCM operation and ideal components. In steady-
state operation, the average voltages across the inductors L,
and L,, designed as V71 and V7, respectively, must be equal
to zero over a switching period.

VL1:§V1+(1_5)(V1_V(‘,1):0 3)

Vi, :§(V(71+VCZ_I/())+(l_§)(V(72_V')):O 4)
Solving the previous equations, considering the voltages
capacitors, Ci and C, equals (Vci=V¢2), the input to output
voltage gain for the proposed converter, operation in CCM,
is given by (5).

o

Vv, _1+6
Vv, 1-6

3

From the analysis of the previous expression, it is
possible to see that this static gain is higher than the
conventional Boost converter. The same conclusion can also
be drawn from Fig. 4, which shows the static voltage gain
Vo/V; as a function of the duty cycle J. The graph in Fig. 4
shows that the gain of the proposed converter increases more
quickly than that of the conventional Boost converter when
the ¢ increases, guaranteeing an extended static voltage gain
in the input-output ratio.
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Fig. 4. Voltage gain for the conventional and the extended converter

B.  Converter Design

The inductances and capacitances of the power converter
have been designed with consideration for the maximum
current and voltage ripple values in the inductors and
capacitors, respectively, defined as 4, and Ayc.
Consequently, this maximum value will be determined as a
percentage of the inductor currents and a percentage of the
capacitor voltage. Assuming quasi-linear variations for
inductor currents and capacitor voltages, within the previous
assumptions, it is possible to establish expressions for these
components. Therefore, the inductor currents ripple, 4iz; and
Aip,, can be obtained from the respective inductor voltages,
during the switch ON and switch OFF times, in the period
1/fs (where fs is the switching frequency). This way,
considering the state switch ON, and V; the voltage applied to
the inductor, the L; inductance is a function of the current
ripple A7, , as shown in the expression (5).

- )
1
AILlfS

Based on the same reasoning, the inductance L, can be
calculated when the state switch is OFF and Vc¢; as the

voltage across the inductor, the L is function of the current
ripple A7,, , defined by:

AR

= (6)
AILZ]:S‘
A similar procedure was used to determine the size of the
capacitors. In this case, considering relatively small voltage
ripples, AV, , AV., and AV, regarding the average

Ccl 2
voltage of the capacitors, Ci, Ca, Cs, respectively. Based on
the equations for capacitor currents, ici, icz and ic3, during
the switch ON time o7Ts, the capacitance values are
determined according to expressions (7).

C =&- C. = 5[L2 - C =5(1L2_[o) 7
1 s 2 B 3
AVCIfS Achfs AVC3fs

The precise design of the passive components in power
electronic converters is crucial as they influence
specifications such as size and weight. Analyzing the design
of passive components reveals that the size of capacitors and
inductors is inversely proportional to the switching frequency
of the power semiconductors and to the allowed ripples.

Another aspect to consider in power converters is the
maximum rating of the power semiconductors. These values
are determined usually by the power supply or output
voltages and by the output power of the converter. The
voltage stress (Vsw) at the power switch (Sy) is obtained from
circuit analysis in steady state, and given by equation (8),
showing Vs is smaller than the output voltage.

1
R . R ®
The maximum average current of the power switch depends
on the operating point of the power converter and the load
current. Therefore, the current stress is given by (9).

v

SW max

26
I =17 9
SW avmax 1 _ 5 0 ( )

These expressions enable the selection of relatively low-
voltage, high-current MOSFET transistors for the intended
applications.

IV. SIMULATION RESULTS

The time behavior of the proposed DC-DC converter was
obtained based on numerical simulations, performed using
Matlab/Simulink software and their Power Systems Toolbox.
To validate the theoretical assumptions, presented
previously, this DC-DC converter was evaluated in steady-
state conditions first, and then under transient conditions.
The following converter parameters were used for simulation
tests: inductors L; = 10 mH and L, = 10 mH, capacitors C; =
C, = 20 pF and C; = 100 pF. The switching frequency
assumed was 10 kHz.

Steady-state simulation results were obtained with the
proposed converter operating in a steady state, with a duty
cycle of 0.6 and 100Q load resistor. The waveforms
presented in Fig. 5 show the input and output voltages, V;
and V,, respectively, when the input voltage was equal to 50
volts. These results validate the static voltage theoretical gain
obtained for the converter, as well as its extended conversion
ratio when compared with the classical Boost in which for
this duty cycle is obtained a lower static voltage gain.
Compared to the conventional boost converter, it is seen a
higher static voltage gain. Fig. 6 depicts the simulation
waveforms of the L; and L, inductor currents. From these
results it is possible confirm the CCM operation, with
relatively small current ripples, in both inductors, compared
to the current average values. The results of Fig. 6 also show
that the current in inductor L, is on average 3.5 times greater
than the current in inductor L,. Fig.7 shows the voltages
across the power semiconductor, Sy.
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Fig. 5. Simulation results for the input and output voltage values
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Fig. 6. Simulation results for the currents in both inductors L, and L,
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Fig. 7. Simulation results for the voltage across the power switch Sy

Based on the waveform analysis the OFF-state voltage
on the transistor Vs, is approximately 140 V, which is lower
than the output voltage. This signifies that the power switch
operates under reduced voltage stress, which is advantageous
compared to topologies that require semiconductors capable
of resisting the sum of input and output voltages.

The behavior of the converter was also simulated in order
to assess the converter dynamic behavior. The results in Fig.
8 present the input and output voltages obtained by
considering a sudden change in the duty cycle, d, from 0.5 to
0.6 at t = 0.2s. Fig. 9 shows the waveforms of the L, and L,

inductor currents, considering the previous dynamic
conditions.
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Fig. 8. Simulation results of the input and output voltage in transient
mode, when there is a sudden change in the duty cycle, J, from 0.5 to 0.6 at
t=10.2s
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Fig. 9. Simulation results of the currents in both inductors Z; and L, in
transient mode, when there is a sudden change in the duty cycle, J, from 0.5
to 0.6 att=10.2s

Analyzing these results it is concluded that when there is
a step variation in the duty-cycle, the output voltage suffers a
second order like disturbance. After the initial overshoot, a
new steady-state value is reached. Based on these results, it
can be said that the DC-DC output voltage and inductor
currents present nearly a second order dynamics.

V. EXPERIMENTAL RESULTS

To confirm the theoretical developments and the previous
simulation results obtained from the proposed converter, an
experimental prototype was built. The DC-DC converter was
designed using parameters identical to those utilized in the
numerical simulations. The carried-out laboratory tests used
the same experimental procedures as the ones applied in the
numerical simulations.

Figures 10 to 12 show the experimental results for the
converter in a steady state, with a fixed duty cycle of 0.6 and
a switching frequency fs of 10 kHz. In Fig 10, the
relationship between the absolute value of the output and
input voltages is shown. This result shows that the voltage
static gain is similar to that obtained by the simulation
results, and at the same time confirming the theoretical
analysis in (5). This experimental result also shows that the
output voltage presents a smooth waveform with a very
small ripple.

50 V/div |

100 ps/div

Fig. 10. Experimental results of the input and output voltages
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Fig. 11. Experimental results of the currents in both inductors L, and L,
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Fig. 12. Experimental results of the voltage across the power switch Sy

The waveforms for the inductor currents, /;; and I;,, are
show in Fig. 11. These experimental results show continuous
conduction mode in both inductors and a smaller current
ripple in both waveforms, confirming the equivalent
simulation result presented in Fig. 6. The experimental
waveforms of the voltage on the power device (Sw) can be
seen in Fig. 12. In this result it is seen that this device
operates in state OFF holding-off voltages lower than the
output voltage, confirming the expected characteristics of the
converter.

As done in simulation tests, in the laboratory experiments
the next results were obtained under dynamic conditions.
The experimental results in Fig. 13 present the input and
output voltages obtained by considering a step change in the
duty cycle, o, from 0.5 to 0.6 at t = 0.2s. Fig. 14 shows the
waveforms of the L; and L, inductor currents, taking into
account the previous dynamic conditions. Through the
analysis of these results, it is possible to verify that when
there is a step variation in the duty-cycle, the output voltage
presents a second order like behavior, together with the
inductor currents. These experimental results confirm the
converter maintains the CCM even in these transient
conditions.

50 V/div

20 ms/div

Fig. 13. Experimental results of the input and output voltage in transient
mode, when there is a sudden change in the J from 0.5 to 0.6 at t = 0.2s
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Fig. 14. Experimental results of the currents in both inductors L, and L, in
transient mode, when there is a sudden change in the duty cycle, J, from 0.5
to 0.6 att=10.2s

VI. CONCLUSIONS

In this work, a new topology for DC-DC Boost
converters with an extend voltage static gain is proposed.
Step-up converters are very important in many
applications, particularly those requiring high static
voltage gains. This is particularly relevant for renewable
energy applications, where solar power may be affected
by shading effects, as well as for applications using fuel
cell systems. The proposed DC-DC converter topology
uses a single controlled power switch and its topology
offers an extended voltage gain characteristic, achieving
higher voltage gains with reduced duty ratios compared
to standard boost topologies. Additionally, this converter
provides continuous input and output currents with low
ripple and reduced voltage stress on the power switch and
diodes. An analysis of the converter's operating states and
the formulation of the static voltage gain were presented.
The static voltage gain and the nearly second order
dynamic behavior of the proposed converter was
evaluated through computer simulations and practical
experiments using a laboratory prototype. The results
allowed to confirm the reduced voltage stress on the
power semiconductor and reduced ripple in the input
current.
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