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ABSTRACT

High step-up DC-DC converters are essential for interfacing low-output renewable energy sources with
higher-voltage power systems. Traditional boost converters, despite their simplicity and wide adoption,
face significant limitations in achieving large voltage amplification with high efficiency and stability under
dynamic operating conditions. This paper presents a Multistage Capacitor-Assisted Boost Converter
(MCABC) that attains high voltage gain at moderate duty ratios, thereby reducing the switching stress and
improving the energy transfer efficiency. To address the challenges of voltage regulation in such high-gain
systems, a cascaded dual-loop Proportional-Integral (PI) control strategy is implemented, comprising an
outer voltage loop for accurate reference tracking and an inner current loop to suppress the inrush and
limit the peak current. This control-oriented approach ensures robust dynamic performance and minimal
output ripple under varying operating conditions. The experimental validation confirmed both the
feasibility of the proposed converter and the effectiveness of the control scheme, demonstrating stable
regulation and a fast transient response. The results highlight the suitability of the proposed MCABC for
practical deployment in photovoltaic systems, fuel cell applications, and other low-voltage energy

platforms that require efficient and reliable voltage elevation.
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I.  INTRODUCTION

The global pursuit of clean and sustainable energy has led
to a significant increase in the deployment of renewable energy
sources, including Photovoltaic (PV) systems, fuel cells, and
wind power [1-3]. This trend is further accelerated by the rapid
growth of the electric vehicles, onboard charging systems, and
distributed energy applications [4]. However, the intrinsic
intermittency and low-voltage characteristics of most
renewable sources pose a serious challenge in ensuring stable
and efficient energy conversion and utilization [5]. As a result,
high-efficiency power conversion systems, particularly DC-DC
converters, have become indispensable for stepping up or
conditioning the output voltages from these sources [6].

Conventional power converters are typically designed
based on fixed circuit topologies, without considering dynamic
control strategies. These systems often rely on hardware-centric
solutions with fixed duty ratios or predefined structures that
lack adaptability under varying load and input conditions [7].
Consequently, they suffer from issues, such as poor voltage
regulation, limited dynamic performance and suboptimal
efficiency. In particular, modifying the output characteristics of
such converters often requires redesigning the hardware,
leading to increased cost, complexity, and time-to-market,
especially in systems that demand high reliability and compact
integration [8, 9].

Boost converters have become essential in renewable
energy and low-voltage applications due to their ability to step
up the voltage levels from inherently weak sources, such as PV
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panels or fuel cells [10]. However, ensuring that these
converters consistently deliver a stable and regulated output
voltage remains technically challenging, especially under
dynamic conditions, where the input voltage, load demand, and
component parameters vary significantly [11, 12]. These
challenges are further exacerbated in open-loop configurations
with fixed duty cycles, where the nonlinear characteristics of
the boost topology often result in poor voltage regulation and
degraded system stability [13-15]. To address these limitations,
closed-loop control strategies have been widely adopted,
allowing the system to dynamically adjust the switching
behavior in real time [16].

Advancements in the control theory have enabled the
integration of intelligent and adaptive techniques, such as fuzzy
logic [17], neural networks [18, 19], and model-free adaptive
control [20], into the regulation of nonlinear dynamic systems.
These approaches are capable of learning or adapting to
variations and disturbances, offering improved robustness and
dynamic performance. However, such benefits come at the cost
of increased system complexity, requiring high-speed
processors, fast sampling rates, and reliable sensing
infrastructure [21]. This added complexity may hinder the
commercial  scalability, particularly in  cost-sensitive
applications, such as residential PV systems or -electric
mobility. Consequently, ongoing research focuses on designing
control-oriented boost converter systems that strike an optimal
balance between performance, implementation simplicity, and
economic viability, ultimately facilitating the broader adoption
in practical energy conversion scenarios.

To address these challenges, this study presents a novel
boost converter topology, the MCABC, which achieves a high
voltage gain through a modular transformerless structure. By
leveraging cascaded capacitor-diode stages, the converter
enables efficient step-up conversion at moderate duty ratios,
thereby reducing the switching stress and improving the energy
transfer efficiency. In parallel with the hardware innovation, a
closed-loop control strategy based on cascaded PI regulators is
employed to ensure stable output voltage under varying input
and load conditions. This integration of topology and control
enhances the dynamic performance, suppresses the overcurrent
risks, and ensures reliable regulation. The main novelty of this
work lies in the synergy between the MCABC topology and the
cascaded PI control strategy, which together provide a high-
gain, a well-regulated and experimentally validated solution.
With its compact design, the high gain capability, and robust
control, the proposed MCABC offers a practical and cost-
effective solution for modern power applications, such as PV
systems, fuel cells, and electric drives. The following sections
detail the converter architecture, control implementation and
experimental validation.

II. SYSTEM ANALYSIS AND PROBLEM
FORMULATION

A. Classical Boost Converter Overview

The classical boost converter is a widely adopted DC-DC
step-up topology due to its structural simplicity and ease of
control. It consists of an inductor L, a power switch Sy, a diode
D, a filter capacitor C, and a resistive load R. The converter

operates by storing energy in the inductor when the switch is
turned on and transferring that energy to the output during the
off period. This energy transfer mechanism results in a higher
output voltage compared to the input. During the ON state (i.e.,
So is closed), the input voltage V;, is applied across the
inductor, causing a linear increase in the inductor current. At
this stage, the diode D is reverse-biased and isolates the output
stage, so the load is supplied solely by the output capacitor.
The inductor voltage in this mode is given by:

yoN =y, (1

When the switch is turned OFF, the inductor current is
forced to continue flowing owing to its stored energy. As a
result, the diode D becomes forward-biased and the inductor
transfers its energy to both the output capacitor and the load.
The voltage across the inductor during this period is:

VOFF =V =V, 2)

By applying the principle of volt-second balance on the
inductor over one switching period TT, one obtains:

VON.DT + VP . (1-D)T=0 3)

Substituting (1) and (2) into (3) leads to the well-known
voltage gain expression for the ideal boost converter:

Yo _ 1

V. =10 “

where D € (0,1) is the duty cycle of the switch, defined as
the fraction of the switching period during which Sy remains
ON.

Equation (4) shows that the output voltage increases as the
duty ratio D increases. However, when D—1, the gain tends
toward infinity, which is not feasible in practical
implementations due to several limitations. As D approaches
higher values, the stress on the switch and diode becomes
excessive, and the efficiency drops due to higher conduction
losses, increased current ripple, and non-ideal switching
effects. In addition, the classical boost converter lacks
flexibility for high step-up gain applications. It cannot
efficiently accommodate low-voltage sources, such as PV
panels or fuel cells, in systems where a high output voltage is
required. These drawbacks underline the need for enhanced
converter topologies that can achieve higher voltage gain with
improved efficiency and reduced stress on the components.
Thus, in the current work, a modified boost converter
architecture based on the switched-capacitor approach is
introduced to address these issues.

B. Proposed Multistage Capacitor-Assisted Boost Converter

To address the inherent limitations of the classical boost
converter, this study proposes a novel topology, the MCABC.
The circuit diagram of the proposed MCABC is illustrated in
Figure 1. The architecture consists of a single controlled switch
So, one inductor L, five diodes (D,, Dy, D;, D2, and D3), and
five capacitors (C4, Cp, C;, C2, and Cj3), organized into three
cascaded voltage-boosting stages.
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Fig. 1. Block diagram of the proposed MCABC with cascaded PI control.
The MCABC enhances the voltage gain by leveraging a
capacitor-assisted energy transfer mechanism. During the ON
period of the switch Sy, the inductor stores energy from the
input source V;,,, while the capacitors in the intermediate stages
are isolated or redirected through diodes. When the switch is
turned OFF, the energy stored in the inductor is released
through a sequence of charge redistribution across the
capacitors, resulting in an accumulative voltage at the output.

Under the assumption of continuous conduction mode,
ideal components, and negligible switching loss, the overall
output voltage can be approximated as:

o~ n-Viy

Vo= 7125 o)
where n is the number of effective voltage-boosting stages,
which is equal to 3 in the present configuration.

The voltage gain of the MCABC can also be interpreted
from the steady-state voltages of the capacitors involved in
each stage. Specifically, the first-stage capacitors C, and Cy are

charged to the same level V., which approximates to V, = 1"_“;.
The intermediate capacitor C; formed through the combination
of C, and Cp, holds a voltage of roughly 2V,. The final output
is the sum of this voltage and that of capacitor Cs, which also
maintains a level near V.. Hence, the total output voltage

approaches:

3

I/OzVC1+VC3z3VC=§

4

This cumulative behavior demonstrates the high step-up
gain potential of the proposed MCABC topology while
avoiding extreme duty ratios.

The proposed converter offers several key advantages over
classical boost converters. It achieves higher voltage gain at
relatively low duty ratios, thereby reducing the stress on the
switching device and diodes. Its stage-based structure is
inherently modular and scalable, which allows further voltage
gain enhancement by adding additional capacitor-diode stages.
Moreover, the system operates without the need for
transformers or magnetic coupling, resulting in a compact,
lightweight, and cost-effective implementation. Efficiency is
also improved due to the distributed energy transfer, reduced
peak currents, and gradual voltage build-up across the stages.
With these features, the MCABC is a promising candidate for

modern power conversion applications that require high step-
up ratios, including low-voltage PV systems, fuel cell stacks,
and battery-powered electric drives.

C. Experimental Setup

An experimental study was conducted to validate the
effectiveness of the proposed solution. The experimental setup
is shown in Figure 2. As depicted in Figure 2, the experimental
setup consisted of the MCABC prototype mounted on a test
rack, including the inductor and capacitor modules on the upper
layer, the DSP control and driver boards on the middle layer,
and the DC supply and measurement instruments (oscilloscope
and PC) connected externally for data acquisition. The system
was implemented using the Texas Instruments DSP
TMS320F28379D, with the control algorithm designed in
MATLAB/Simulink and subsequently deployed onto the
development board. The experimental parameters were: the
capacitors C,, Cp, C2, and Cs were rated at 220 uF and C; at
470 pF. The inductor L was 420 pH. The power switches used
(IRFB4115PBF MOSFETs) were rated at 150 V=104 A. The
diodes (RHRP3060) were rated at 600 V=30 A and the resistive
load was set at 100€Q. The input voltage was maintained
constant at 12 V,;. throughout the experiments. The
experimental waveforms in Figures 3 and 4 were acquired in
real time via the DSP’s SCI interface, where the output voltage
was sampled through the Analog-to-Digital Converter (ADC)
channels at a 20 kHz control rate and logged in
MATLAB/Simulink for visualization. The ripple percentages
were computed from the recorded steady-state voltage data
following the reference changes.

Fig. 2. Experimental setup of the proposed MCABC prototype: (top)
power stage with inductors and capacitors, (middle) DSP control and driver
boards, (bottom) DC source and interface. An oscilloscope and PC are used
for measurement and data logging.
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III. VOLTAGE REGULATION TECHNIQUE FOR THE
PROPOSED MCABC

Maintaining a stable output voltage is a fundamental
requirement in high step-up DC-DC converters, particularly in
applications where the input sources are low-voltage and
dynamically varying. In such scenarios, including the proposed
MCABC, any disturbance in the load or input supply can lead
to significant voltage deviations that compromise the system
stability, efficiency, or safety. This issue is especially
pronounced in open-loop configurations, where the fixed duty
ratios are unable to accommodate real-time fluctuations,
thereby increasing the risk of overvoltage or overcurrent
events. To address these challenges, a robust and adaptive
voltage regulation strategy is imperative.

This study adopts a cascade control architecture comprising
two nested PI loops to regulate the output voltage while
simultaneously preventing the excessive current through the
inductor. The outer voltage loop generates the reference signal
for the inner current control loop. The voltage feedback is
sensed via a precision voltage divider and digitized through an
ADC interfacing with the DSP controller. The outer PI
controller compares the measured output voltage V, with the
reference setpoint V¢, producing a current reference I,..5 that
reflects the necessary correction. This reference current is then
used in the inner loop to regulate the actual inductor current I; .
A fast-acting current sensor continuously monitors I;, and its
error with respect to I..; is minimized using another PI
controller. The output of this current controller modulates the
duty ratio of the Pulse-Width Modulation (PWM) signal, which
in turn governs the switching of the main power transistor. The
dual-loop PI control law can be expressed as:

u(t) = K, - e(t) + K; - [, e (D)dt (6)

where e(t) denotes the tracking error of either the voltage
loop or the current loop, u(t) is the control signal for the PWM
generator, and K,, K; are the proportional and integral gains,
respectively. The outer loop operates with slower dynamics to
ensure accurate voltage tracking, whereas the inner loop
provides rapid current regulation to suppress the inrush and
limit the peak current during transient events. In high step-up
converters, such as MCABC, the inductor current may
experience large variations due to the rapid load changes or
multi-stage charge redistribution. A single-loop voltage control
is often insufficient to react quickly to such disturbances,
leading to overshoot or instability. Therefore, the cascaded PI
structure is adopted: the fast inner current loop ensures
immediate response and current limiting, while the slower
outer voltage loop maintains accurate voltage tracking without
inducing oscillations. This separation of time scales enhances
the overall stability, simplifies gain tuning, and provides a
more robust solution for complex multi-stage converter
dynamics.

This cascaded structure not only enhances the output
voltage accuracy, but also adds a layer of protection against
overcurrent scenarios, which are a common risk in multistage
boost converters. Moreover, separating the control objectives
into distinct loops simplifies the tuning process and improves

the robustness across varying operating conditions. The entire
control algorithm was implemented digitally using the TT DSP
TMS320F28379D, enabling flexible parameter tuning, real-
time control updates, and seamless integration with high-speed
data acquisition systems. This digitally controlled PI-based
cascade regulation strategy ensures high-quality voltage
regulation, superior transient response, and improved reliability
of the MCABC topology under practical deployment scenarios.

IV. ANALYSIS RESULTS

Figure 3 presents the measured output voltage under step
changes in the reference voltage from 30 V to 60 V. Despite
these abrupt changes, the output voltage closely tracks the
reference  with negligible overshoot or undershoot,
demonstrating the fast dynamic response of the system. To
further evaluate the quality of the output, the steady-state ripple
was analyzed immediately after each transition. Figure 4
displays the ripple percentages computed based on the method
described in [22, 23]. In particular, the ripple is quantified as
the Root-Mean-Square (RMS) deviation of the sampled output
voltage from its steady-state average value, normalized to the

Vippl
average, expressed as Ve = % X 100%, where Ve =

\/%Z}cnzl(V(k)—V*)z. Here, V(k) denotes the sampled

output voltage at instant k, V* is the steady-state average
voltage, and m is the number of samples considered in the
calculation. This calculation was performed using the logged
waveforms in MATLAB/Simulink after each reference
transition. The maximum and minimum ripple were 12.8% and
8.5%, respectively, with variations remaining within acceptable
limits.
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Fig. 3. Experimental analysis under varying applied voltage conditions.
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Fig. 4. Experimental evaluation of ripple variation.

Overall, the experimental results confirm that the proposed
system maintains a fast and stable voltage response, accurately
following reference commands under various operating
conditions, even when the input voltage remains constant at
12 V.

V. CONCLUSIONS

The proposed Multistage Capacitor-Assisted Boost
Converter (MCABC) demonstrates a structurally simple yet
highly effective approach to achieving high voltage gain in
DC-DC conversion without relying on magnetic coupling or
extreme control efforts. By orchestrating staged charge transfer
via capacitors and diodes, the converter delivers improved
voltage boosting capability while mitigating the losses and
reducing the component stress. Coupled with a digitally
implemented cascaded Proportional-Integral (PI) controller,
the system ensures tight voltage regulation and robust dynamic
performance under varying load and input conditions. The
experimental validation confirmed the practicality and
efficiency of the design, making the MCABC a strong
candidate for integration into modern power electronics
applications, such as renewable energy systems and electric
transportation.
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