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Abstract

This paper extensively explores a hybrid buck-boost AC-to-DC converter with a specific
topology and control strategy. These converters play a vital role in transforming AC power to
DC power in various applications, including electric cars, sustainable power source systems,
and consumer electronics, within the field of power electronics. The buck-boost topology is
widely preferred for AC-to-DC conversion due to its ability to regulate the output voltage over
a broad range of input voltages.

The proposed topology is a hybrid buck-boost AC-to-DC converter, which combines the
advantages of both buck and boost topologies, resulting in improved efficiency, reduced size,
and enhanced reliability. This converter comprises a standard DC link capacitor, connecting a
series arrangement of a buck converter and a boost converter. By manipulating switch duty
cycles in these converters, the output voltage of the hybrid converter can be effectively
controlled.

Keywords
A control system, Power factor correction (PFC), power factor and efficiency improvement,
DC converters, and Continuous Control Models (CCM).

1 Introduction

The device that converts AC voltage to DC voltage is called a hybrid buck-boost AC to
DC converter. This converter incorporates the characteristics of both a buck converter and a
boost converter within a single circuit, making it a "hybrid" device. Its primary function is to
modify the input voltage to provide a stable output voltage as required. In converter topology,
"hybrid" refers to the combination of two types of converters: the buck converter and the boost
converter. This blend aims to capitalise on the strengths of both converters for improved
performance and efficiency.

The hybrid buck-boost AC to DC converter has widespread applications in power sources
for electronic devices, battery charging systems, and renewable energy systems, such as solar
and wind power. Its superiority over alternative converter types arises from its adaptability to a
wide range of input voltages, exceptional efficiency, and minimal noise output [1][2].

The circuitry of the hybrid buck-boost AC to DC converter comprises an output filter, a
switching circuit, and an input rectifier. The switching circuit is fed to the pulsing DC voltage
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produced by the rectifier's conversion of the AC voltage. Two power switches (transistors or
MOSFETs) are used in the switching circuit, and they alternately operate to control the voltage
level. The output filter receives the input voltage during the activation of the switches. In
contrast, the energy stored in the inductor and capacitor of the filter is utilised to uphold the
output voltage during the deactivation of the switches [3][4].

The output filter is crucial in mitigating high-frequency disturbances or fluctuations from
the signal and achieving a refined output voltage. Generally, it comprises a series of capacitors
and an inductor connected in line with the load.

In summary, the hybrid buck-boost AC-to-DC converter is a versatile and efficient power
converter widely used in various applications. It combines buck and boost conversion
capabilities within a single circuit, comprising an input rectifier, switching circuits, and output
filters. One notable advantage is its ability to maintain a stable output voltage even when dealing
with significant input voltage fluctuations, achieved by adjusting the input voltage [5].
Compared to other converters, it offers high efficiency by eliminating the need for a transformer
and employing efficient switching circuits [5][6]. Its compact size and lightweight design make
it ideal for applications with space and weight constraints, such as portable electronic devices
and automotive systems.

2 Proposed circuits for AC-DC converters

2.1 Buck-boost converter

Traditional AC-DC converters like buck, boost, buck-boost, Cuk, SEPIC, and Zeta face
limitations in generating the required voltages for modern applications [7]. As the trend shifts
toward microprocessors operating on lower voltages (1V to 3V), minimizing CPU power loss
is essential [8][9]. Researchers are exploring voltage regulators tailored to meet the 1V supply
demands of microprocessors capable of handling high load currents and rapid dynamics,
although further advancements are required [10] [11]. Switched-capacitor converters
introduced in the 1990s had high conversion ratios but suffered from low efficiency. While
connecting multiple circuits in series, Cascade converters don't effectively address efficiency
concerns, as their overall efficiency is the sum of individual circuit efficiencies. To address
efficiency issues, individually operated transistors in quadratic power converters have been
proposed; however, challenges related to voltage and current overstress remain [12] [13] [14].

This research presents an innovative approach utilizing dual structures, comprising
configurations with two capacitors and two to three diodes, or two to three inductors and two
to three diodes. These circuit blocks effectively enable voltage step-down or step-up operations
[15] [16]. By incorporating these structures into a conventional buck-boost converter, it's
possible to achieve a significant voltage conversion ratio while retaining the benefits of
topological converters. Importantly, this approach eliminates common drawbacks associated
with such conversions [17] [18].

During the active switch state of the converter, the capacitors within the C-switching
blocks discharge in parallel. Conversely, when the active switch is deactivated, the capacitors
in the C-switching blocks accumulate charge in a series configuration. The innovative converter
presented in this study exhibits an enhanced capability to step down the line voltage compared
to the traditional buck-boost structure [19]. This is evident in its voltage gain formula,
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Where, D: Duty cycle, Vo: Output voltage, Vin: Input voltage.
D): This refers to the classical model of the buck-boost converter.

D): This refers to the new value that appears due to the proposed model of the buck-boost
converter, which improves the efficiency and PFC.

2.2 Hybrid buck-boost converter topology

This topology introduces a single switching capacitor and closed-loop networks [20]. It
offers the advantage of a bridge rectifier configuration without a transformer, reducing
equipment costs and weight. Additionally, the suggested topology eliminates hysteresis and
potential energy losses associated with transformer magnetisation, leading to anticipated
improvements in overall operation efficiency.

Fig. 1 Switched capacitor network with a single tier.
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2.3 Functioning principles of the proposed model

Throughout the positive and negative half cycles, as shown in Figs. 2 and 3, respectively,
the charging operation of the buck-boost inductor Li and the output capacitor CL is facilitated
by the switched capacitors C1 and C2. In the positive half cycle, these capacitors are connected
in parallel due to the reverse bias of D12 and the forward bias of D1 and D2. Consequently,
they are charged with half of the DC link voltage. Conversely, in the negative half cycle
depicted in Fig. 3, C1 and C2 are connected in series with the DC link voltage, thanks to the
positive bias of D12. Furthermore, the freewheeling diode DL allows the buck-boost inductor
Li to maintain a continuous current flow, supplying current and charging the output capacitor
CL. The ripples are minimised by adding the high-pass filter, which improves the circuit's RF
and LF output.

Fig. 2 Network during the positive phase. Fig. 3 Network during the negative phase
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3 Analysis of buck-boost AC to DC converter

3.1 Functioning principles of the proposed model

The suggested converter's voltage amplification can be derived by considering the volt-
sec equilibrium across the actors during each cycle of the switching frequency.

Fig. 4 Evaluation of VC and VL as time intervals
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According to Fig. 4, the D depends on the period to the total time of the intervals of the
PWM passing through the IGBT switch; therefore, the details of the theoretical part of the
model depend upon those intervals.

Here is a detailed breakdown of the step-by-step evaluation of the voltage gain.

When T is on,
Vim = Vin — Vo

Vio = V¢
VLm = Vin - VC
When T is off,

Vim = Vin — 2V¢

Vo = Vo
In steady state, the average inductor voltages Vi1 and V12 are zero. So we can write,
T
j Vi,dt =0
0
And.
T
f Vi 0 =0
0
Now,
4
f Vi,dt=10

0
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From Eq. (2) and (3), we get the voltage gain as follows,
(1 — D) _ Vin

° p (2—-D)

Vo D

Vo  @-DE-D @)
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The duty cycle (D) is of utmost importance in the proposed buck-boost converter as it
dictates the switching component's ON and OFF times. Conversely, in a classical buck-boost
converter, the voltage gain is mathematically represented as follows,

Vo D

Vin (1-D) (5)

The duty cycle (D) is pivotal in the conventional buck-boost converter scenario. A
comparison of Eq. (4) to Eq. (5) reveals an additional denominator factor in Eq. (4), specifically
(2-D). Since the duty cycle falls within the 0 < D <1 range, the expression (2-D) consistently
exceeds one. This signifies that the proposed converter has a greater capacity to reduce voltage
than the classical buck-boost converter.

3.2 Efficiency assessment
The efficiency of our suggested converters can be mathematically described in the
following manner:

_Po_ Vo (1-D)2-D)
" Pin  |Vin| D ©)

N

The efficiency of the conventional buck-boost converter can be expressed as follows:
__Po Vo (1-D)
"™ Pin [vin] D e
Comparing (6) and (7), we got

n=nc(2-D) (8)

Because the equation of (2 - D) is consistently higher than one, the efficiency of our
proposed converters surpasses that of the conventional buck-boost converter for all duty cycle
values.

4 Simulation and results

4.1 Efficiency assessment

Several simplifying assumptions were employed to aid theoretical analysis. These
assumptions include ideal component behaviour, simplifying the input voltage waveform as a
rectified sinusoid, and using a large output capacitor to treat the output voltage as a pure DC
source, reducing ripple effects. The buck-boost and conventional converter were simulated
using MATLAB with the provided data parameters.
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Table 1 Components used for the Proposed Model Fig. 5 Simulink of Buck-Boost AC to DC Converter
Components \Symbols Values _ s O -
: ) RS o
Inductors Lm Li 1% 10°H T (i 7 +J '
- DRI | S N LU R -

0.88 * 10 H y L1 : s o ) - S P~

Capacitors CLC1 6% 100F £ I '
-2 5% 10°°F L

5 * 10°°F
Resistor R

5002

4.2 Output voltage waveshape for different duty cycles

A buck-boost converter is a DC-DC converter that adjusts output voltage based on the
duty cycle (D) of the switch:

D < 0.5: Lower output voltage, square wave.

D = 0.5: Output matches input, constant voltage.

D > 0.5 but < 1: Higher output voltage, square wave.

D = 1: Inverted output voltage, constant negative voltage.

These properties enable precise output voltage control for different applications.

Fig. 6 Output at Duty 70% Fig. 7 Output at Duty 40%
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Referring to Fig. 6, the output voltage exceeds the input voltage, while in Fig. 7, a duty
cycle below 50% results in an output voltage lower than the input voltage. I apologise for any
prior confusion, and these figures visually confirm that a duty cycle below 50% leads to a lower
output voltage than the input voltage.

4.3 Efficiency, input power factor, and THD comparison

Our proposed topology, as illustrated in Figs. 8, 9, and 10 outperform the classical buck-
boost converter on multiple fronts. It features an efficient arrangement utilising transformerless
bridge rectifiers to minimise hysteresis reduction and magnetization-induced energy loss,
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resulting in superior efficiency. Additionally, it incorporates an input inductor and a switched
capacitor network to establish an L-C input filter during each half cycle of operation,
significantly improving both the power factor and reducing Total Harmonic Distortion (THD)
in the input current compared to the conventional buck-boost converter.

Fig. 8 Efficiency Comparisons Fig. 9 Input PF Comparison
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Fig. 10 THD of input current comparison of different buck-boost converters

x

4.4 Summary of simulation results of the new design of the proposed topology

Upon conducting simulations for the new circuit design of the Buck-boost AC-DC
converter, utilizing specific parameters derived from the formula of the proposed converter and
implementing filters to mitigate output voltage ripples, our results are summarized in Table 2,
compared to other papers. The primary objective of this design is to enhance Power Factor
Correction (PFC). This type of converter exhibits the potential for further improvements by
applying various filter types, which is a distinctive advantage. This versatility renders the
converter applicable in a wide array of scenarios. Notably, this converter finds utility in
controlling DC machine operations, regulating vehicle speeds, and devising battery charging
systems. These avenues for application delineate the trajectory of our future work.

Table 2: Research Summary and Review

Ref. Years Efficiency PFC THD At D=50%
At D=50% At D=50%
[19] 2017 97.8.1% 80.2% 70.3%
[20] 2015 99.7% - -
Our research 2023 99.8% 81.6% 77.4%
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As highlighted in the research summary and review, when we compare our results to those
of other studies, we see a clear opportunity to improve upon existing findings. We achieved a
perfect efficiency score of 99.8% at the start, utilizing our methods, specific parameters, and R-
L high-pass filter. However, there is still potential for further improvement, highlighting the
benefits of utilising this type of converter. Additionally, our approach enhances Power Factor
Correction (PFC) while simultaneously reducing Total Harmonic Distortion (THD).

5 Conclusion

A standard option for many AC-to-DC conversion applications, the hybrid buck-boost
AC-to-DC converter has several advantages. Over a wide variety of input voltages, it can
reliably and efficiently supply a regulated DC output voltage. Additionally, the converter is
expandable, enabling it to manage various power levels and deliver superior power factor
correction. Although more expensive, the hybrid buck-boost AC to DC converter may have a
lower overall cost of ownership throughout the product's lifetime. For designers and
manufacturers seeking an influential and trustworthy AC-to-DC converter, this is a flexible and
enticing solution. The paper shows that we can improve upon previous findings.

We achieved a high efficiency of 99.8% using specific parameters and filters. However,
there is potential for further improvement. Our success is due to the methods and filters that
enhance Power Factor Correction (PFC) and reduce Total Harmonic Distortion (THD).
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