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Abstract: Buck-boost DC–DC converters are useful as DC grid interfaces for renewable energy
resources. In the classical buck-boost converter, output voltages smaller than the input voltage (the
buck region) are observed for duty cycles between 0 and 0.5. Several recent buck-boost converters
have been designed to present higher voltage gains. Nevertheless, those topologies show a reduced
duty-cycle range, leading to output voltages in the buck region, and thus require the use of very
low duty cycles to achieve the lower range of buck output voltages. In this work, we propose a new
buck-boost DC-DC converter that privileges the buck region through the extension of the duty-cycle
range, enabling buck operation. In fact, the converter proposed here allows output voltages below the
input voltage even with duty cycles higher than 0.6. We present the analysis, design, and testing of the
extended buck-boost DC-DC converter. Several tests were conducted to illustrate the characteristics
of the extended buck-boost DC-DC converter. Test results were obtained using both simulation
software and a laboratory prototype.

Keywords: buck-boost; DC/DC converter; single-switch; high output voltage gain

1. Introduction

Currently, the use of renewable energy resources is important for decarbonization in
electrical energy generation. However, many of these energy resources produce relatively
low output voltages, whereas common loads require much higher loads. Customized
DC-DC power converters allow the interconnection between these low-voltage resources
and higher-voltage loads [1–3]. These converters can increase the penetration of renewable
resources in the power grid, as well as in several applications, namely, industrial equipment,
lighting, consumer electronics, and even the battery charging of electrical vehicles [4–8]. In
many industrial applications, DC-DC converters stabilize the output voltage required by
the load’s operating conditions regardless of the input voltage variation, within reasonable
limits. Some DC-DC converters have been designed [9,10] to overcome these limits and to
improve their characteristics such as voltage and current ripples, power density, efficiency,
and cost. DC-DC power converters have specific characteristics, and are usually selected
according to the intended load requirements, such as step-down or step-up voltage gains
and whether they are unidirectional or bidirectional, isolated or non-isolated, or current-fed
or voltage-fed [11].

For photovoltaic (PV) energy resources or fuel cells, a DC-DC converter must offer a
high step-up voltage gain, together with high efficiency in order to increase the low voltage
generated by the renewable resources to a suitable utilization voltage [9,12–14]. To increase
the voltage output, a step-up topology can be used, such as that in the classic DC-DC boost
converter [15,16]. However, in most topologies the voltage gain is strongly limited due to
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the parasitic elements of inductors, capacitors, and switching semiconductors [17]. Most
conventional converters, such as the non-isolated buck-boost or the isolated push-pull
system, are unacceptable as significant limitations arise from their use, for example, an
extreme duty-cycle ratio, low efficiency, and poor high-frequency operation [18,19].

For applications requiring wide voltage ranges, line (low) or high-frequency transform-
ers have been used [20,21]. However, the use of transformers introduces some issues, such
as leakage inductances, parasitic capacitances, and lower efficiency due to winding and
magnetic losses in the transformer [22,23]. Therefore, in order to reduce volume and weight
and enhance efficiency, transformerless topologies have been devised [24–28], relying on
DC-DC converters designed for high step-up voltage gains. To overcome problems related
to leakage currents and human safety during maintenance routines, other solutions based
on transformerless H-bridges have been proposed [29–31]. Nonetheless, these alternative
solutions normally contain more power switches, increasing component counts and costs,
together with increases in conduction and switching losses.

Other approaches aiming to achieve an extended voltage range have been presented
to overcome the limitations imposed by the previous topologies. Most solutions employ
either a specific step-up voltage technique based on multilevel boost converters [32], soft
switched interleaved systems [33], cascaded DC-DC converter topologies [34], switched
inductors and switched capacitor cells [35], or coupled inductor topologies [36]. Quadratic
buck-boost converters, used in many applications [37], are also effective approaches to
obtain high voltage gains.

Many new topologies with buck-boost characteristics have been proposed as well. Usually,
converters are designed to change either the buck or the boost region ranges [38–40]. In general,
these proposed designs have been engineered to increase the boost region and to obtain high
boost gains. However, in these topologies, the buck region is limited to a very small range
of duty-cycles. In fact, practically no studies have been conducted regarding the increasing
of the buck region. Nevertheless, an increase in the buck region can be very interesting to
overcome shadowing limitations in the connection of PV panels in series (PV strings), in which
each panel has its own micro DC-DC converter to track the PV’s maximum power operating
point. Another application of micro DC-DC converters is to enforce a constant DC output
voltage in grid-isolated PV panels. The output voltage of PV generator panels depends on
the solar irradiance. This irradiance drops significantly when hard shadows cover some PV
panels of the series-connected string, leading to significant decreases in output power for each
shadowed PV. Since these panels are connected in series, as the series current of the string
must be the same, the only way to harvest the highly reduced power produced by a shadowed
panel is to force the micro DC-DC converter to operate within the buck region. Thus, the micro
DC-DC converter proposed here may be intended to operate normally at the limits of the buck
region, near the boost region. When the shadowing of some PV panels occurs, the shadowed
panes go into the lower end of the buck region, whereas the non-shadowed PV panels of the
series string may operate in the boost region. However, only few works have addressed this
issue [41–43]. The solutions presented in these works contain relatively complex structures.

In this study, we propose a new structure for a micro buck-boost non-isolated DC-DC
converter, with a single power semiconductor that favors the buck region through the
enlargement of the duty-cycle range for that region. The new converter structure is suitable
for applications requiring an extended buck output voltage, for example, solar PV panels
with frequent shadowing conditions. Currently, in such conditions regular converters are
insufficient, as their indicated sets of input voltage and/or output voltages are not sufficient
for the conversion ratios needed. The structure studied here has a voltage gain feature
that is extended in the buck region when compared with the classic buck-boost converter,
and also features power switch and diodes with reduced voltage stresses. In this paper,
a theoretical analysis and the design of this new topology are presented. To validate the
converter performance, several results were obtained using simulation software and a
laboratory prototype was developed and tested to obtain experimental results to match the
simulation results.
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2. Analysis and Principle of Operation

The well-known DC-DC buck-boost converter topology (Figure 1) is widely used in
systems where the output voltage must be either higher or lower with regard to the input
voltage Vi [7]. One of the main applications of this kind of converter is in PV generators
operating in frequently shadowed or snowy conditions. However, both the output power
and voltage of PV panels present important variations since they are functions of the
irradiance [44–48]. When a PV panel is shadowed, the voltage will decrease, whereas the
produced power will sharply drop due to the reduced saturation current. Consequently,
the PV-panel-connected converter must change the operating region, changing the voltage
gain and extracted power. In series-connected strings of PV panels, as the series current
is the same, the converter is forced to operate either in the buck or in the boost region to
compensate for the lower power or the lower voltage. Thus, the micro DC-DC converter
proposed here was designed to operate mainly in the extended buck region, although when
required due to voltage drops, the converter can function in the boost region. As shown in
Figure 1 and considering all components as ideal and operating in continuous conduction
mode (CCM), the converter output voltage, denoted as Vo in (1), can range from 0 to infinity,
for a duty cycle, δ, with a variation between 0 and 1.

Vo =
δ

1− δ
Vi (1)
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Figure 1. Conventional DC-DC buck-boost converter.

To extend the duty-cycle range for operation in the buck output voltage region, a new
buck-boost micro DC-DC power converter topology is proposed here (Figure 2). Compared
to typical buck-boost topologies, the new topology maintains the boost inductor and only
needs a single active switch, Sw. Nevertheless, the new proposed converter features an
extended output voltage static gain in the buck region when compared to conventional
buck-boost converters.
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PV panels must track the maximum power point (MPP) with very small deviations
(ripple) around this MPP. To minimize the switching ripple, for a given set of inductors and
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capacitors, most DC-DC converters must operate in CCM. Therefore, in CCM an analysis
of the extended-buck DC-DC converter reveals two main operation modes, as shown in
Figure 3. Considering all components as ideal, with δ being the duty-cycle and Ts being the
switching period, the following two operation modes can be described:
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Operation mode 1, Sw is driven ON: during the time interval from 0 to δTs, the switch
Sw is in the ON state, and diode D2 is in the ON state, whereas diodes D1 and D3 are
reverse-biased. The stored energy in L1 and L2 inductors will increase while capacitor
C1 is discharging. Consequently, the L1 inductor current will increase and the capacitor
voltage C1 will decrease. The diode D1 is reverse-biased as it has a negative voltage from
the cathode to the anode, given by the sum of the input voltage source and the capacitor C1
(-V1- VC1). Similarly, the diode D3 is reverse-biased by the capacitor C1.

Operation mode 2, Sw is driven OFF: during the time interval (1-Ts)δ, the switch Sw is in
the OFF state, whereas diodes D1, D2 and D3 are in the ON state. The stored energy of the
inductor L1 is transmitted to the capacitor C1. Consequently, the current of the inductor L1
will decrease and the voltage of the capacitor C1 will increase.

Analysis in CCM

To obtain the steady-state voltage gain of the extended-buck DC-DC converter, opera-
tion at a steady state in CCM was considered, together with ideal components. In a steady
state, the L1 and L2 inductors’ averaged voltages, VL1 and VL2, are zero over a switching
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period. Considering the two operating modes depicted in Figure 3, the averaged voltages
of both inductors, as a function of the duty cycle δ, are given by the following relationships:

VL1 = δVi + (1− δ)VC1 = 0 (2)

VL2 = δ(V0 −VC1) + (1− δ)V0 = 0 (3)

The output voltage gain is obtained by solving the previous equations to obtain the
output voltage V0, which is dependent on the input voltage Vi and δ.

V0 =
δ2

1− δ
Vi (4)

With the previous expression, it is possible to verify that the output voltage can range
from zero volts to infinity, with an extend duty-cycle range of δ ε (0, (

√
5−1)/2) in the buck

region. The same conclusion can be obtained from Figure 4, in which the static voltage gain
V0/Vi is shown as a function of the duty cycle δ. The extended-buck DC-DC converter
gives voltages in the buck region roughly from δ ≈ 0 up to δ ≈ 0.62, therefore extending
the buck region from δ ≈ 0.5 (in the conventional buck-boost system) to δ ≈ 0.62.
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According to (4), the theoretical voltage gain can be infinite (for a duty cycle of one); in
reality, due to the non-idealities of the converter, the boost gain is bounded to a value not
exceeding five. Although the proposed converter presents a wider buck range, regarding
conventional topologies, it also presents a slightly lower maximum boost gain. This lower
boost gain will not impair its application as a PV panel micro DC-DC converter, provided
that the number of series panels allow for the operation of each panel to occur mainly in
the buck region.

3. Analysis and Design of the Extended-Buck DC-DC Converter
3.1. Inductor and Capacitor Design

The inductances and capacitances of the power converter have been designed to
ensure that relatively small ripples occur in the converter currents and voltages. Thus, the
L1 inductance value is calculated to guarantee a given peak-to-peak current ripple ∆IL1,
which should be relatively small compared to the average value of IL1 in a period 1/f.
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Assuming the switch-ON time and Vi as the voltage across the inductor, the L1 inductance
is a function of the current ripple ∆IL1, as stated in (5).

L1 =
δVi

∆IL1 f
(5)

The self-inductance of L2 can be obtained using the previous method, equaling the
current ripple ∆IL2 when the power switch is OFF. The self-inductance of L2 is defined in (6).

L2 =
VC1(1− δ)

∆IL2 f
(6)

A similar procedure was used in the sizing of the capacitor C1 of the extended-buck
DC-DC converter. Considering a small voltage ripple (regarding the average voltage of
the capacitor C1) ∆VC1, with a small enough equivalent series resistance and the capacitor
discharge time ∆t1, as function of the duty-cycle δ, and using Vo and Po to denote the load
voltage and power, respectively, expression (7) can be obtained to determine C1.

C1 =
∆Q

∆VC1
=

∆IL2

8∆VC1 f
(7)

To determine the value of capacitor C2, we assumed that its charge variation ∆Q was
due to its current ripple ∆IL2.

C2 =
1

∆VC2

Po

Vo
∆t1 (8)

From the point of view of the sizing of the components, under the same assumptions,
this converter obeys relations similar to those of the Cuk converter.

3.2. Semiconductor Voltage and Current Stress

The voltage stress (Vs) across the power switch Sw is obtained via the analysis of the
circuit in a steady state and considering that this voltage equals the peak voltage of the
capacitor C1. Based on these assumptions and assuming that the capacitor C1 has a voltage
ripple ∆VC1 and average value VC1, the voltage at the power terminals of the switch when
it is open is given by:

VS = VC1 +
∆VC1

2
(9)

The voltage rating of the diode D1 is equal to the voltage across the power switch Sw
in the OFF state. It must be noted that, according to Figure 3a,b, the voltage across the
switch and diode D1 is given by the mesh, which is given by the input voltage source Vi,
the switch Sw, the capacitor C1, and the diode D1. The voltage rating of the diode D2 is
given by the input source voltage Vi. In Figure 3b it can be seen that when D1 and D3 are
ON the input source voltage is directly applied to D2. Regarding the voltage rating of the
diode D3, it is a function of the voltage of the capacitor C1. When D3 is in the OFF mode
(Figure 3a) and the switch Sw is ON the capacitor C1 is directly applied to this diode. The
voltage across the capacitor C1 can be obtained from Equation (2), and is expressed in (10).
Thus, the voltage ratings of both diodes (D2 and D3) are given in (11).

VC1 =
δ

1− δ
Vi (10)

{
VD2 = Vi

VD3 = VC1
(11)

The current stress of the power switch Sw is a function of the load current and the duty
cycle as given in (12). The load current Io can be determined based on the nominal power
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of the converter and the operation voltage value of the output DC/DC converter, assuming
a conservative conversion.

ISw =
δ2 I0

1− δ
(12)

These expressions enable the choice of relatively low-voltage, high-current MOSFET
transistor devices in the intended applications.

3.3. Comparative Study

In this section, a comparison between the characteristics of the proposed converter and
those of other similar topologies is presented in Table 1. Recent topologies available in the
literature were considered [37,40–48]. Analyzing buck-boost topologies, and the number of
components used in each of the compared topologies, it can be seen that the micro DC-DC
converter proposed here was one of the topologies that required the minimum number of
switches and other components (with the exception of the classic buck-boost topology). The
proposed topology requires only one switching device, which contributes to the reduction
of switching losses. The proposed topology extends the voltage gain in the buck region
from δ ≈ 0 up to δ ≈ 0.62. The topologies presented in [37,48] exhibited a reduction in the
buck region, but that presented in [41] exhibited an increase similar to that of the design
proposed here. However, that topology with an extended buck region requires more than
one switch and more passive components.

Table 1. Comparison of the proposed solution with other buck-boost topologies presented in the
literature.

Items
Topologies

Classic [37] [41] [48] Proposed

Voltage gain V0
Vi

= δ
1−δ

V0
Vi

= 2δ−δ2

1−δ

V0
Vi

=
δ

2(1−δ)

V0
Vi

= 2δ
(1−δ)

V0
Vi

= δ2

1−δ

Buck range 0.50 0.38 0.66 0.25 0.62

Number of switches 1 1 2 3 1

Number of diodes 1 3 5 2 3

Number of inductors 1 2 2 2 2

Number of capacitors 1 2 3 1 2

4. Simulation Results

The behavior of the extended buck DC-DC converter was analyzed on the basis of
numerical results obtained using the Power Systems Toolbox in Matlab/Simulink software. In
the simulation tests, the component values used for the extended buck DC-DC converter
were as follows: inductors L1 = 10 mH and L2 = 10 mH, capacitors C1 = 20 µF and C2 = 100 µF,
obtained via the previous equations using a switching frequency of 10 kHz. The following
figures were obtained in buck and boost mode.

The results presented in Figures 5–8 show the simulated waveforms for the converter
in a steady state in buck mode with a duty cycle of 0.5. Figure 5 shows that the input
voltage was equal to 100 V and the corresponding absolute value of the output voltage was
equal to 50 V. This results showed an output voltage with an absolute value that was half
of that of the input voltage, according to the voltage static gain expression (4).



Electronics 2023, 12, 584 8 of 20

Electronics 2023, 12, x FOR PEER REVIEW 8 of 20 
 

 

= 100 µF, obtained via the previous equations using a switching frequency of 10 kHz. The 

following figures were obtained in buck and boost mode. 

The results presented in Figures 5–8 show the simulated waveforms for the converter 

in a steady state in buck mode with a duty cycle of 0.5. Figure 5 shows that the input 

voltage was equal to 100 V and the corresponding absolute value of the output voltage 

was equal to 50 V. This results showed an output voltage with an absolute value that was 

half of that of the input voltage, according to the voltage static gain expression (4). 

 

Figure 5. Simulation results of the input and inverted output voltage in buck mode. 

 

Figure 6. Simulation results of the L1 and L2 inductor currents in buck mode. 

 

Figure 5. Simulation results of the input and inverted output voltage in buck mode.

Electronics 2023, 12, x FOR PEER REVIEW 8 of 20 
 

 

= 100 µF, obtained via the previous equations using a switching frequency of 10 kHz. The 

following figures were obtained in buck and boost mode. 

The results presented in Figures 5–8 show the simulated waveforms for the converter 

in a steady state in buck mode with a duty cycle of 0.5. Figure 5 shows that the input 

voltage was equal to 100 V and the corresponding absolute value of the output voltage 

was equal to 50 V. This results showed an output voltage with an absolute value that was 

half of that of the input voltage, according to the voltage static gain expression (4). 

 

Figure 5. Simulation results of the input and inverted output voltage in buck mode. 

 

Figure 6. Simulation results of the L1 and L2 inductor currents in buck mode. 

 

Figure 6. Simulation results of the L1 and L2 inductor currents in buck mode.

Electronics 2023, 12, x FOR PEER REVIEW 8 of 20 
 

 

= 100 µF, obtained via the previous equations using a switching frequency of 10 kHz. The 

following figures were obtained in buck and boost mode. 

The results presented in Figures 5–8 show the simulated waveforms for the converter 

in a steady state in buck mode with a duty cycle of 0.5. Figure 5 shows that the input 

voltage was equal to 100 V and the corresponding absolute value of the output voltage 

was equal to 50 V. This results showed an output voltage with an absolute value that was 

half of that of the input voltage, according to the voltage static gain expression (4). 

 

Figure 5. Simulation results of the input and inverted output voltage in buck mode. 

 

Figure 6. Simulation results of the L1 and L2 inductor currents in buck mode. 

 

Figure 7. Simulation results of the voltage across the power switch SW and the diode D1 in buck mode.



Electronics 2023, 12, 584 9 of 20

Electronics 2023, 12, x FOR PEER REVIEW 9 of 20 
 

 

Figure 7. Simulation results of the voltage across the power switch SW and the diode D1 in buck 

mode. 

 

Figure 8. Simulation results of the voltage across the diodes D2 and D3 in buck mode. 

Figure 6 shows the simulation results of the L1 and L2 inductor currents in buck mode. 

Based on these waveforms, it is possible to observe the continuous conduction mode in 

both inductors, with relatively small current ripples compared to the average value. The 

ripple of the current in inductor L2 was smaller than the ripple in inductor L1, as this in-

ductor was connected to the capacitor C2. 

The voltages across the power switch and the diode D1 are shown in Figure 7. Figure 

8 shows voltages across the diodes D2 and D3. Based on these last waveforms, it can be 

observed that diodes D2 and D3 were working in complementary operating states. When 

comparing these results with the voltages on the power switch and on the diode D1 (Figure 

7), it can be seen that the D1 reverse voltage, in terms of its absolute value, doubled the 

corresponding values in diodes D2 and D3. 

The results presented in Figures 9–12 show the waveforms for the converter in a 

steady state in boost mode operation, with a duty-cycle of 0.7. In Figure 9, the input volt-

age is close to 100 V, and the corresponding output voltage approximately equals 165 V, 

confirming the boost mode and the theorical expectations. 

 

Figure 9. Simulation results of the input and inverted output voltage in boost mode. 

Figure 8. Simulation results of the voltage across the diodes D2 and D3 in buck mode.

Figure 6 shows the simulation results of the L1 and L2 inductor currents in buck mode.
Based on these waveforms, it is possible to observe the continuous conduction mode in
both inductors, with relatively small current ripples compared to the average value. The
ripple of the current in inductor L2 was smaller than the ripple in inductor L1, as this
inductor was connected to the capacitor C2.

The voltages across the power switch and the diode D1 are shown in Figure 7. Figure 8
shows voltages across the diodes D2 and D3. Based on these last waveforms, it can be
observed that diodes D2 and D3 were working in complementary operating states. When
comparing these results with the voltages on the power switch and on the diode D1
(Figure 7), it can be seen that the D1 reverse voltage, in terms of its absolute value, doubled
the corresponding values in diodes D2 and D3.

The results presented in Figures 9–12 show the waveforms for the converter in a steady
state in boost mode operation, with a duty-cycle of 0.7. In Figure 9, the input voltage is close
to 100 V, and the corresponding output voltage approximately equals 165 V, confirming the
boost mode and the theorical expectations.

Figure 10 shows the simulation results of the L1 and L2 inductor currents in boost
mode. In this situation, it can also be seen that the CCM operation was preserved. The
voltage across the power semiconductors is presented in Figures 11 and 12, confirming the
expected characteristics of the boost operating mode.
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Figure 12. Simulation results of the voltage across the diodes D2 and D3 in boost mode.

To test the performance of the extended buck DC-DC converter, some results were
obtained in dynamic conditions. The results presented in Figure 13 were obtained consid-
ering a change in the input voltage from 100 V to 70 V at the instant t = 0.2 s. Since this
input voltage decreases, the output voltage also decreases (in absolute value). However, to
recover the previous output voltage, at instant t = 0.48 s, the value of the duty cycle was
increased, and this effect is clearly visible in Figure 13.
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Through the analysis of these results, it is possible to verify that when there is a
sudden variation in the input voltage, the output voltage suffers a disturbance. However,
the original value can be restored. Based on this result, it is possible to conclude that the
micro DC-DC converter responds in accordance with the changes in the input voltages.

Another transient test was conducted, in this case taking into consideration the con-
verter operating as a PV generator to maintain the output voltage. When the PV panel
is shadowed, its output voltage decreases. Thus, at t = 0.2 s the input voltage suddenly
drops from 100 V to 30 V, whereas at t = 0.45 s it recovers to the initial voltage value under
shadowless conditions. To maintain the output voltage, the duty cycle has to be changed.
Figure 14 presents the corresponding simulation results, where the input voltage suffered
from the abovementioned voltage drop but the output voltage was maintained, except for
fast and small transients. In this test, the micro DC-DC converter initially operated in the
buck region, but changed to the boost region during the voltage drop in order to maintain
the desired output voltage. As shown in this figure, the converter still operates properly,
even during the transition between buck and boost regions.
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A comparative study regarding the efficiency of the proposed micro DC-DC converter
and classic buck-boost converters was conducted. The study included the two operating
modes, with the converters operating in buck mode and then operating in boost mode.
Table 2 shows the tested converter results. It can be seen that the efficiency of the proposed
topology was similar to that of the SEPIC topology, with almost the same values. In the
boost region, the efficiency of the proposed micro DC-DC converter almost attained the
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efficiency of the classic converters, with a decrease in efficiency of less than 0.5%. Solely in
the buck region, the proposed micro DC-DC converter may present efficiencies 2% lower
(at most) than classic converters.

Table 2. Efficiency of the proposed topology compared to some other buck-boost converters.

Buck-Boost Cuk SEPIC Proposed

Buck Boost Buck Boost Buck Boost Buck Boost

93.7% 97.5% 94.1% 97.6% 92.8% 97.3% 92.2% 97.1%

5. Experimental Results

To validate the theorical analysis and the previous simulation results obtained for the
extended buck DC-DC converter, a laboratory prototype was built using the same parameters
that were used for the numerical tests. To analyze the performance of the laboratory prototype,
tests were performed with the prototype under the same conditions as those of the simula-
tion results. Figure 15 presents the experimental laboratory setup used to obtain the results
presented below. In this figure, the components are labeled as follows: 1—drive circuit board;
2—micro DC-DC converter.; 3—inductors; 4—current probes; 5—resistive load; 6—waveform
signal generator; 7—auxiliary DC power supply; 8—Yokogawa DL1540 oscilloscope; 9—main
DC power supply. The proposed micro DC-DC converter was based on a MOSFETs ZFET 1×
20A IDS transistor and FFSP2065B diodes.
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Figures 16–19 show the experimental results for the converter in a steady state, operat-
ing in buck mode, with a fixed duty cycle of 0.5 and a switching frequency f of 10 kHz. In
Figure 16 it can be seen that the absolute value of the output voltage was half of the input
voltage, according the voltage gain obtained in (4).

The experiment results for the inductor currents, IL1 and IL2, are shown in Figure 17.
These waveforms show the continuous conduction mode in both inductors and the smaller
current ripple in IL2 with regard to IL1.

Figure 18 shows the experimental result obtained for the voltages across the power
switch and the diode D1. Figure 18 depicts the experimental results for the voltages across
the diodes D2 and D3. From these results, it is possible to observe that the diodes D2 and
D3 were working in complementary operating states, as seen in the simulations and as
expected based on the theoretical analysis.

Figures 20–24 show the experimental results for the converter in a steady state, operat-
ing in boost mode, with a duty cycle of 0.7 and a switching frequency of 10 kHz. Based on
the waveforms presented in Figure 20, the voltage static gain can be seen to exceed unity.
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Based on the experimental results presented in Figure 21, it can be confirmed that the
currents through both inductors were in continuous mode. On the other hand, it is possible
to verify that the maximum voltage across the power switch was in phase opposition and
with the same absolute value as that of the voltage on the diode D1 (Figure 22). Comparing
these results with the experimental results obtained for the voltage across diodes D2 and
D3, presented in Figure 23, it is possible to verify that the voltage across these diodes, in
terms of its absolute value, was half of the voltage across Sw and D1.
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Figure 23. Experimental results for the voltage across the diodes D2 and D3 in boost mode.

In the laboratory experiments, results were obtained under dynamic conditions in order
to test the performance of the extended-buck DC-DC converter. The results presented in
Figure 24 were obtained considering a change in the input voltage from 100 V to 70 V at time
t = 0.3 s. As in the simulations, in the laboratory tests, in order to recover the previous output
voltage, at instant t = 0.48 s the value of the duty cycle was increased, with this effect being
clearly visible in Figure 24. This shows that sudden variation in the input voltage causes
a disturbance in the output voltage, but this disturbance can be mitigated by changing the
duty cycle.

However, to visualize the impact of this converter in a PV system operating under
shadow conditions, further transient results are presented in Figure 25. In this case, the
input voltage decreases and after a while returns to the normal value. To maintain the
output voltage, the duty cycle was changed. In this case, the change occurred from the
buck region to the boost region and back to the buck region. It is thus possible to ensure
proper operation even when there are changes in those two regions, in spite of the presence
of brief and small transients.

The efficiency of the proposed micro DC-DC converter as a function of the output
power was measured, with the obtained results plotted in Figure 26. The blue curve shows
the efficiency in buck mode (with a duty cycle equal to 0.5), whereas the red curve shows
the efficiency in boost mode (with a duty cycle equal to 0.7). Although at low power the
efficiency of these two modes was similar, at higher power the efficiency of the converter in
boost mode increased.
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To analyze the converter’s efficiency, an analysis of the power-loss breakdown was also
conducted, considering the conduction and switching losses of all components. Figure 27
shows the obtained power-loss breakdown, considering diodes, MOSFET, and passive
components. On the basis of these results, it can be seen that the losses of the power
semiconductors were dominant.
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6. Conclusions

In this study, a new topology for a buck-boost DC-DC converter with an extended
duty-cycle range in the buck region was proposed. The proposed micro DC-DC converter
topology uses a single controlled power switch and is designed to privilege the buck region
by extending the range of duty cycles, enabling output voltages smaller than the input
voltages, compared to the range in the classic buck-boost converter. This is useful for
applications requiring higher definition in low duty cycles. In fact, the proposed converter
also enables a reduction of the voltage stress across the controlled power switch and across
the diodes. The disadvantage is that the efficiency is in general slightly lower than that of
classical converters with buck-boost characteristics. Another aspect is that, in practice, due
to the non-ideal nature of the converter’s reactive components and the semiconductors, the
boost gain is limited, as in many boost converters.

Due to the characteristics of this topology, it can provide an attractive solution for
maximum power point tracking in renewable energy resources, in cases where low voltage
PVs require a series connection to attain DC output voltages high enough to supply
inverters connected to the AC grid. By extending the duty-cycle range in the buck region,
the proposed converter enables the design of a series of PV strings with a voltage high
enough to supply the AC inverters using moderate duty cycles (0.5–0.7). In the presence
of strong variations in irradiance, such as in conditions with shadows, the extended-buck
duty cycle range would be useful for precise maximum power point tracking in all series-
connected PV panels or for power derating.

Author Contributions: Conceptualization, J.M. and V.F.P.; methodology, J.M. and V.F.P.; software,
J.M. and V.F.P.; validation, D.F. and A.C.; formal analysis, J.M. and V.F.P.; investigation, J.M. and V.F.P.;
resources, V.F.P., D.F. and A.C.;writing—original draft preparation, J.M.; writing—review and editing,
J.M., V.F.P. and J.F.S.; supervision, J.F.S. and S.P.; All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by national funds through FCT Fundação para a Ciência e a
Tecnologia with references PTDC/EEI-EEE/32550/2017, UIDB/50021/2020 and UIDB/00066/2020.

Conflicts of Interest: The authors declare no conflict of interest.



Electronics 2023, 12, 584 18 of 20

Nomenclature

Vi input DC voltage to the converter, V
δ duty cycle
Ts switching period
L1, L2 inductance of inductor(s), Henry
C1, C2 capacitance of capacitor(s), Farad
D1, D2, D3 diodes
∆t1 capacitor discharge time
Ro load resistance, Ohm
Sw switch (MOSFET)
Vo regulated output DC voltage, V
∆VC1, ∆VC2 peak-to-peak capacitor(s) ripple voltage, V
f switching frequency, Hz
PO output power, W
ISW RMS switch current, A
∆Q charge variation
IL1, IL2 current through inductor(s), A
VD1, VD2, VD3 voltage across the diodes, V
VT voltage stress on switch, V
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Boost–Ćuk. IEEE Trans. Veh. Technol. 2019, 68, 7521–7530. [CrossRef]

28. Haider, Z.; Ulasyar, A.; Khattak, A.; Zad, H.S.; Mohammad, A.; Alahmadi, A.A.; Ullah, N. Development and Analysis of a Novel
High-Gain CUK Converter Using Voltage-Multiplier Units. Electronics 2022, 11, 2766. [CrossRef]

29. Gu, Y.; Li, W.; Zhao, Y.; Yang, B.; Li, C.; He, X. Transformerless Inverter With Virtual DC Bus Concept for Cost-Effective
Grid-Connected PV Power Systems. IEEE Trans. Power Electron. 2013, 28, 793–805. [CrossRef]

30. Azri, M.; Rahim, N.A.; Halim, W.A. A Highly Efficient Single-phase Transformerless H-bridge Inverter for Reducing Leakage
Ground Current in Photovoltaic Grid-connected System. Electr. Power Compon. Syst. 2015, 43, 928–938. [CrossRef]

31. Yu, W.; Lai, J.-S.; Qian, H.; Hutchens, C. High-Efficiency MOSFET Inverter with H6-Type Configuration for Photovoltaic
Nonisolated AC-Module Applications. IEEE Trans. Power Electron. 2011, 26, 1253–1260. [CrossRef]

32. Rosas-Caro, J.C.; Ramirez, J.M.; Peng, F.Z.; Valderrabano, A. A DC-DC multilevel boost converter. IET Power Electron. 2010, 3,
129–137. [CrossRef]

33. Addula, S.R.; Mahalingam, P. Coupled Inductor Based Soft Switched Interleaved DC-DC Converter for PV Applications. Int. J.
Renew. Energy Res. 2016, 6, 361–374.

34. Ravyts, S.; Vecchia, M.D.; Zwysen, J.; Van den Broeck, G.; Driesen, J. Study on a cascaded DC-DC converter for use in building-
integrated photovoltaics. In Proceedings of the 2018 IEEE Texas Power and Energy Conference (TPEC), College Station, TX, USA,
8–9 February 2018.

35. Mitsui, K.; Sato, T.; Nishijima, K.; Nabeshima, T. LLC converter combined with switched capacitor for high voltage applications.
In Proceedings of the 2013 International Conference on Renewable Energy Research and Applications (ICRERA), Madrid, Spain,
20–23 October 2013; pp. 1013–1017.

36. Liu, H.; Hu, H.; Wu, H.; Xing, Y.; Batarseh, I. Overview of High-Step-Up Coupled-Inductor Boost Converters. IEEE J. Emerg. Sel.
Top. Power Electron. 2016, 4, 689–704. [CrossRef]

37. Pires, V.F.; Foito, D.; Cordeiro, A.; Silva, J.F. A Single-Switch DC/DC Buck-Boost Converter with Extended Output Voltage. In
Proceedings of the 7th International Conference on Renewable Energy Research and Applications (ICRERA), Paris, France, 14–17
October 2018; pp. 791–796. [CrossRef]

38. Seguel, J.L.; Seleme, S.I., Jr.; Morais, L.M.F. Comparative Study of Buck-Boost, SEPIC, Cuk and Zeta DC-DC Converters Using
Different MPPT Methods for Photovoltaic Applications. Energies 2022, 15, 7936. [CrossRef]

39. Kano, F.; Kasai, Y.; Kimura, H.; Sagawa, K.; Haruna, J.; Funato, H. Buck-Boost-Type MPPT Circuit Suitable for Vehicle-Mounted
Photovoltaic Power Generation. IEEJ Trans. Electr. Electron. Eng. 2021, 16, 1229–1238. [CrossRef]

40. Shaw, P.; Siddique, M.D.; Mekhilef, S.; Iqbal, A. A new family of high gain boost DC-DC converters with reduced switch volt-age
stress for renewable energy sources. Int. J. Circ. Theor. Appl. 2022, 1–21. [CrossRef]

41. Khubchandani, V.; Veerachary, M. Extended Bucking Range Fifth-Order Buck-Boost Converter. In Proceedings of the IEEE
International Conference on Power Electronics, Drives and Energy Systems (PEDES), Jaipur, India, 16–19 December 2020; pp. 1–6.
[CrossRef]

42. Mashinchi Maheri, H.; Vinnikov, D.; Chub, A.; Sidorov, V.; Liivik, E. Impact of Transformer Turns Ratio on the Power Losses and
Efficiency of the Wide Range Isolated Buck–Boost Converter for Photovoltaic Applications. Energies 2020, 13, 5645. [CrossRef]

43. Zhang, G.; Yuan, J.; Yu, S.S.; Zhang, N.; Wang, Y.; Zhang, Y. Advanced four-mode-modulation-based four-switch non-inverting
buck–boost converter with extra operation zone. IET Power Electron. 2020, 13, 2049–2059. [CrossRef]

http://doi.org/10.3390/electronics11203388
http://doi.org/10.1016/j.epsr.2010.06.014
http://doi.org/10.1109/TPEL.2014.2339134
http://doi.org/10.1016/j.enconman.2014.09.014
http://doi.org/10.1109/TPEL.2015.2478809
http://doi.org/10.3390/electronics11152336
http://doi.org/10.1109/TVT.2019.2921851
http://doi.org/10.3390/electronics11172766
http://doi.org/10.1109/TPEL.2012.2203612
http://doi.org/10.1080/15325008.2014.981897
http://doi.org/10.1109/TPEL.2010.2071402
http://doi.org/10.1049/iet-pel.2008.0253
http://doi.org/10.1109/JESTPE.2016.2532930
http://doi.org/10.1109/ICRERA.2018.8566996
http://doi.org/10.3390/en15217936
http://doi.org/10.1002/tee.23421
http://doi.org/10.1002/cta.3464
http://doi.org/10.1109/PEDES49360.2020.9379378
http://doi.org/10.3390/en13215645
http://doi.org/10.1049/iet-pel.2019.1540


Electronics 2023, 12, 584 20 of 20

44. Mahmood, A.; Zaid, M.; Ahmad, J.; Khan, M.A.; Khan, S.; Sifat, Z.; Lin, C.H.; Sarwar, A.; Tariq, M.; Alamri, B. A Non-Inverting
High Gain DC-DC Converter with Continuous Input Current. IEEE Access 2021, 9, 54710–54721. [CrossRef]

45. Bertoluzzo, M.; Bignucolo, F.; Bullo, M.; Diantini, M.; Dughiero, F.; Lancerin, M.; Sieni, E.; Vinante, M.; Zordan, M. A buck-boost
DC-DC converter for single module photovoltaic application to vehicle recharge. In Proceedings of the IEEE 19th Workshop on
Control and Modeling for Power Electronics (COMPEL), Padua, Italy, 25–28 June 2018; pp. 1–6. [CrossRef]

46. Sarwar, S.; Javed, M.Y.; Jaffery, M.H.; Ashraf, M.S.; Naveed, M.T.; Hafeez, M.A. Modular Level Power Electronics (MLPE) Based
Distributed PV System for Partial Shaded Conditions. Energies 2022, 15, 4797. [CrossRef]

47. Ahmad, J.; Sidique, M.; Sarwar, A.; Lin, C.; Iqbal, A. A high gain noninverting DC–DC converter with low voltage stress for
industrial applications. Int. J. Circuit Theory Appl. 2021, 49, 4212–4230. [CrossRef]

48. Abdel-Rahim, O.; Chub, A.; Blinov, A.; Vinnikov, D. New High-Gain Non-Inverting Buck-Boost Converter. In Proceedings of the
IECON 2021—47th Annual Conference of the IEEE Industrial Electronics Society, Toronto, ON, Canada, 13–16 October 2021; pp.
1–6. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/ACCESS.2021.3070554
http://doi.org/10.1109/COMPEL.2018.8460034
http://doi.org/10.3390/en15134797
http://doi.org/10.1002/cta.3129
http://doi.org/10.1109/IECON48115.2021.9590003

	Introduction 
	Analysis and Principle of Operation 
	Analysis and Design of the Extended-Buck DC-DC Converter 
	Inductor and Capacitor Design 
	Semiconductor Voltage and Current Stress 
	Comparative Study 

	Simulation Results 
	Experimental Results 
	Conclusions 
	References

