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ABSTRACT

This paper addresses a power factor correction (PFC) approach, employing an ESP32 microcontroller and
utilizing an interleaved boost converter as the primary power topology. The issue of low power factor in systems is a
critical concern, as it results in increased energy consumption, reduced efficiency, and potential power quality issues. Such
problems can be observed in various applications, including industrial machinery, renewable energy systems, and
consumer electronics, all of which stand to benefit from an effective power factor correction solution. The proposed system
offers several unique advantages and characteristics that set it apart from traditional techniques. First and foremost, the
utilization of an ESP32 microcontroller enables increased computational capabilities and flexibility, allowing for advanced
control algorithms and real-time monitoring of the system's performance. Secondly, the interleaved boost converter
topology enhances efficiency by distributing power among multiple converters, thereby reducing the stress on individual
components and minimizing losses. The key aspect of the system's design is the autonomous control of the two converters
within the interleaved boost converter, achieved through the implementation of a sliding mode (SM) control strategy that
mimics resistive behavior. To enhance the system's stability and performance, a dual feedback loop architecture is
incorporated: a swift internal current loop and a slower external loop responsible for regulating output voltage. Promising
simulation results validate the effectiveness and robustness of the presented PFC approach. This solution not only
addresses the challenges associated with low power factors but also demonstrates the potential for further advancements in
the field of power electronics and control systems.
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1. INTRODUCTION

The importance of power factor correction in
today’s world cannot be overstated [1]. As electronic
devices and systems become more prevalent and
integrated into daily life, the demand for efficient power
utilization and management has increased significantly [2].
PFC solutions play a crucial role in mitigating energy
consumption, maintaining power quality, and optimizing
energy usage across various industries [3]. Commercially,
industries such as industrial machinery, renewable energy
systems, and consumer electronics are continuously
seeking advanced and efficient PFC solutions to improve
their overall performance and reduce operational costs [4].
A low power factor in these applications can lead to
increased energy consumption, reduced efficiency, and
potential power quality issues, which can ultimately
impact the reliability and longevity of the devices and
systems in question.

In the research field, the development of new
power factor correction techniques and topologies is an
active area of investigation [5, 6, 7, 8]. Researchers aim to
address the challenges associated with low power factors
and devise innovative solutions that can enhance the
performance of electrical systems. Some of the key aspects
being studied in the research field include the choice of
power converter topology, control strategies, and
integration with other power electronics and control

systems [9]. The focus is on improving efficiency,
reducing losses, minimizing the size and cost of the PFC
system, and ensuring robust and stable performance under
varying load conditions [10].

The rapid growth of electronic devices and
systems, coupled with the increasing emphasis on energy
conservation and environmental sustainability, has further
heightened the need for effective power factor correction
solutions [11]. As such, both commercially and in terms of
research, the development and implementation of
advanced PFC techniques are essential to meeting the
ever-evolving demands of modern electrical systems and
maintaining a sustainable energy future [12].

The choice of power converter topology plays a
pivotal role in determining the overall efficiency, size, and
cost of a power factor correction system [13, 14]. Among
various topologies, the interleaved boost converter has
gained considerable attention in recent years due to its
unique advantages in addressing the challenges associated
with low power factor in electrical systems.

The interleaved boost converter topology
essentially consists of multiple boost converters connected
in parallel, operating in an interleaved manner [15]. This
arrangement results in several benefits compared to
conventional single-converter topologies. First, by
distributing power among multiple converters, the
interleaved boost converter significantly reduces the stress
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on individual components, extending their lifetime and
improving reliability [16]. This is particularly important in
high-performance PFC applications, where the reliability
and longevity of the system are crucial [17]. Secondly, the
interleaved operation reduces the input and output current
ripples, leading to a decrease in electromagnetic
interference (EMI) and a reduction in the size and weight
of passive components, such as inductors and capacitors
[18]. This advantage enables the design of more compact
and lightweight PFC systems, which can be -easily
integrated into various applications without compromising
on performance.

Furthermore, the interleaved boost converter
topology provides inherent load sharing and inherent
current sharing, which contributes to enhanced overall
system efficiency [19]. By evenly distributing the power
among the multiple converters, the efficiency of each
converter is optimized, resulting in minimized losses and
improved overall system performance [20]. Finally, the
interleaved boost converter topology offers increased
design flexibility and scalability. The number of
converters connected in parallel can be adjusted according
to the desired power level and performance requirements,
allowing for seamless integration with a wide range of
applications and power levels [21].

Control strategies play a crucial role in the
performance of interleaved boost converter topologies for
power factor correction applications. The primary
objective of these control strategies is to ensure a high
power factor, tight output voltage regulation, and robust
system performance under varying load conditions.
Various control strategies have been proposed and studied
for interleaved boost converters, and some of the
prominent ones are discussed below.

In Voltage Mode Control (VMC), the output
voltage is directly regulated by adjusting the duty cycle of
the converters. This control strategy is relatively simple
and easy to implement [22]. However, VMC is sensitive to
load variations and may result in poor transient response
and system stability issues. Current Mode Control (CMC)
regulates the output voltage by controlling the inductor
current in each converter [23]. This control strategy offers
improved transient response and better stability compared
to VMC. The two common approaches in CMC are peak
current mode control (PCMC) and average current mode
control (ACMC) [18]. In PCMC, the peak inductor current
is controlled, while in ACMC, the average inductor
current is controlled. ACMC is generally preferred over
PCMC, as it provides better performance in terms of
output voltage regulation and transient response.

Sliding Mode Control (SMC) is a nonlinear
control strategy that provides robust performance and
insensitivity to parameter variations and disturbances [24].
In SMC, the system operates on a sliding manifold, which
is defined by the desired system behavior. The controller
drives the system state towards the manifold and maintains
it there, ensuring high performance and stability [25].
SMC is particularly well-suited for interleaved boost

converters due to its robustness, fast transient response,
and ability to handle nonlinearities and uncertainties.

With the advancements in microcontroller
technology, digital control strategies have gained
popularity in interleaved boost converter applications [26].
Digital control enables the implementation of
sophisticated algorithms and offers improved flexibility,
programmability, and monitoring capabilities compared to
analog control techniques [27]. Some digital control
strategies used in interleaved boost converters include
digital proportional-integral-derivative (PID) control,
model predictive control (MPC), and adaptive control.

In decentralized control, each converter in the
interleaved boost topology is controlled independently,
with its dedicated controller [28]. This control strategy
simplifies the overall system design and reduces the
complexity of the controller. However, it may result in
suboptimal performance due to the lack of coordination
between the converters [29]. Finally, in centralized
control, a single controller is responsible for regulating the
operation of all the converters in the interleaved boost
topology [30]. This control strategy ensures better
coordination between the converters, leading to improved
overall system performance. However, centralized control
may increase the complexity of the controller and require
additional communication between the controller and the
converters.

The objectives of this paper were to develop and
evaluate an innovative power factor correction approach
using an ESP32 microcontroller embedded in an
interleaved boost converter topology. The proposed
system offers several unique advantages and
characteristics that set it apart from traditional techniques,
as detailed in the abstract. The main contributions of this
paper include the design and implementation of a sliding
mode control strategy that autonomously controls the
interleaved boost converter, the incorporation of dual
feedback loop architecture for enhanced stability and
performance, and the experimental validation of the
system’s effectiveness and robustness in addressing power
factor issues.

2. PROBLEM FORMULATION

The main objective of this paper is to design and
implement a power factor correction (PFC) system that
employs an interleaved boost converter topology,
controlled by an ESP32 microcontroller. The problem
statement can be divided into the following subproblems:

2.1 Interleaved Boost Converter Design

The first subproblem involves the design of the
interleaved boost converter topology, including the
selection of appropriate components, such as inductors,
capacitors, and switches. The converter should be
designed to operate efficiently under a wide range of load
conditions and provide a high power factor and tight
output  voltage  regulation. = The  mathematical
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representation of the interleaved boost converter can be
given as (equation 1):

VJ
Vo =1 pH <
where V,, is the output voltage, V, is the input voltage, and
D is the duty cycle of the converter switches.

2.2 Control Strategy Selection and Implementation

The second subproblem focuses on the selection
and implementation of a suitable control strategy for the
interleaved boost converter topology. The chosen control
strategy should ensure a high power factor, tight output
voltage regulation, and robust performance under varying
load conditions. The control strategy should also be
compatible with the ESP32 microcontroller and take full
advantage of its computational capabilities and flexibility.

2.3 Integration of ESP32 Microcontroller

The third subproblem involves integrating the
ESP32 microcontroller into the interleaved boost converter
topology, ensuring seamless communication and control
between the microcontroller and the converter
components. The ESP32 should be programmed to
implement the chosen control strategy, monitor system
performance in real time, and make adjustments as needed
to maintain optimal performance.

2.4 Performance Evaluation and Validation

The final subproblem involves the evaluation and
validation of the proposed PFC system's performance.
This includes assessing the system's power factor,
efficiency, output voltage regulation, and stability under
various load conditions. The performance evaluation
should be conducted both through simulations and
experimental testing using a prototype of the proposed
PFC system.

The primary goal of this paper is to address the
problem of low power factor in electrical systems through
the design, implementation, and evaluation of an
interleaved boost converter-based PFC system controlled
by an ESP32 microcontroller. The proposed solution
should exhibit high performance, efficiency, and
robustness, demonstrating its potential for addressing the
challenges associated with low power factors in various
applications.

3. MATERIALS AND METHODS

The proposed power factor correction (PFC)
system consists of two interleaved unidirectional boost
converters, which are regulated by a microcontroller. The
primary objective of the control strategy is to ensure that
each boost converter block behaves as a resistive emulator,
extracting a sinusoidal current in phase with the input grid
voltage, V;, (Figure-1). This resistive emulation in the
input current control enables the active power factor
correction and implies that, ideally, all the input power is
transferred to the output load.

Rectifier

EMI | |
Vin input
filter | | Az

| Dri\,:er 1 ‘ | Driver 2 ‘
u,(t) u,(t)

i (1) Controller

ESP32

Figure-1. Block diagram of the control strategy of the
PFC controller with two loops.

Under these conditions, the input current [;, is
proportional to the input voltage V;,, and the
proportionality constant corresponds to the value of the
emulated resistance R,,u.q- Mathematically, this can be
expressed as (equation 2):

Vin

Iz’n —_— s
Y, ec—'rnulat ed

2

To achieve this resistive emulation, the control
strategy involves monitoring the input current and voltage
waveforms and adjusting the duty cycle of the converter
switches accordingly. The microcontroller continuously
measures the input voltage and current waveforms and
calculates the necessary adjustments to the duty cycle to
maintain a sinusoidal input current waveform in phase
with the input voltage waveform. This control strategy
ensures that the input apparent power is minimized, which
in turn minimizes the input reactive power component,
resulting in an improved power factor.

The interleaved boost converters operate in
parallel, sharing the load current and providing an
effective way to distribute power among the converters.
This configuration reduces the stress on individual
components, minimizes switching losses, and enhances the
overall efficiency of the system. Moreover, the interleaved
topology also reduces the input current ripple, which
further contributes to the improvement in power factor and
power quality.

In our proposed PFC system, two resistive
emulators operate in parallel, which enables the
distribution of the emulated resistance and the total load
power among the two interleaved boost converter blocks.
The parallel configuration of the resistive emulators helps
achieve a more efficient power distribution, reduced
component stress, and improved overall system
performance.

This parallel arrangement implies that both
inductor currents must share the same current reference,
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and each boost block must be controlled independently to
ensure that the input current is equally distributed among
the converters. To elaborate on this concept, let I;; and I},
represent the inductor currents of the two interleaved boost
converters. The objective is to maintain the following
relationship (equation 3):

Iry v 11> = Loy 3

where I, is the common current reference for both
converters.

The microcontroller regulating the system is
responsible for maintaining this equal current distribution
by continuously monitoring the inductor currents and
adjusting the duty cycle of the converter switches
accordingly. The control algorithm implemented in the
microcontroller ensures that each boost block operates at
the same duty cycle, thus maintaining the desired current
distribution between the converters.

Moreover, the interleaved configuration of the
converters allows for an effective reduction in the input
current ripple, as the ripple frequency is effectively
doubled, and the amplitude of the ripple is reduced. This
results in a smoother input current waveform, further
contributing to the improvement of power factor and
power quality.

To achieve the desired operation scheme, four
variables need to be sensed and fed to the control unit: the
rectified input voltage V,,(f), the output voltage v,(¢), and
the inductor currents iz;(f) and i;(f). The control strategy
relies on the accurate and timely measurement of these
variables to ensure proper regulation and power factor
correction.

To guarantee that the inductor currents closely
follow the reference, these currents are sampled at a high
frequency relative to the grid frequency. The sampling rate
of 6,000 samples per second (6 kSPS), which is the
maximum supported by the ESP32, is utilized to obtain a
precise measurement of the currents. This high-frequency
feedback forms the fast internal loop of the controller,
which is critical for accurate current control and power
factor correction.

As the input and output voltages exhibit slower
dynamics compared to the inductor currents, they are
sampled at a lower frequency, close to the voltage ripple
frequency (120 Hz). This lower-frequency feedback forms
the slower external loop of the controller, which is
primarily responsible for regulating the output voltage and
ensuring system stability (equations 4 and 5).

Vin(t),Vo(r) — External Loop (120 Hz) (4)
ir1(2),iz2(¢) — Internal Loop (6 kSPS) )

Once the duty cycle calculation is completed
based on the sensed variables and the control algorithm,
the corresponding result is transmitted to the digital pulse-
width modulation (PWM) module. This module generates
the control signals u;(f) and u,(#), which are utilized to

regulate the operation of the interleaved boost converter
blocks, thereby maintaining the desired input current
profile and output voltage regulation.

To characterize the dynamic behavior of the
power stage, a discrete-time model of the switching
converter is derived. Assuming that the system operates at
a constant switching frequency and in continuous
conduction mode (CCM), two topologies can be defined
for each boost converter depending on the conduction state
of their respective MOSFETs.

The sliding mode (SM) controllers are based on a
switching surface s(x), which, in the SM regime, is
characterized by s(x) = 0. To design the average current-
mode control, the discrete-time sliding control surface is
defined as follows (equation 6):

S; = Ef ey — (L (6)

where i,; corresponds to the current reference derived
from the sinusoidal input voltage and the average power
consumed by the load, and i;; corresponds to the current in
each of the two inductors (with j taking the values 1 or 2,
depending on the case).

The current reference i, is designed to ensure
that the input current follows the sinusoidal profile of the
input voltage while delivering the required power to the
load. This reference is then compared to the actual
inductor currents i;; and iy, to generate the control signal
that drives the interleaved boost converters.

To ensure proper regulation of the output voltage
of the PFC system, an outer proportional-integral-
derivative (PID) control loop is implemented. This outer
control loop calculates the corresponding conductance
reference, which in turn defines the inductor current
reference for the inner current control loop. The output
voltage controller is designed based on the nominal power
operation conditions, ensuring optimal performance and
stability in a wide range of operating scenarios. The outer
PID control loop complements the inner current control
loop, providing a robust and reliable control strategy for
the interleaved boost converter system. The combination
of the outer PID control loop for output voltage regulation
and the inner current control loop for power factor
correction enables the PFC system to maintain high
efficiency and performance.

The prototype assembly consisted of an ESP32
microcontroller, an interleaved boost converter, and
additional supporting components. Additional criteria for
component selection included availability, robustness,
accuracy, energy consumption, and cost.

The proposed PFC system is controlled by the
ESP32  microcontroller, which is responsible for
implementing the sliding mode control strategy and
managing the interleaved boost converter. The control
strategy mimics resistive behavior, ensuring autonomous
control of the two converters within the interleaved boost
converter. The dual feedback loop architecture comprises
a swift internal current loop and a slower external loop
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responsible for regulating output voltage and enhancing
the system's stability and performance. The most
outstanding features of the system include its advanced
control algorithms, real-time monitoring capabilities, and
high efficiency.

The performance evaluation of the proposed PFC
system focused on key characteristics and parameters that
determine the system's effectiveness in addressing power
factor issues. These parameters included power factor,
efficiency, output voltage regulation, and system stability.
Experimental tests were conducted to evaluate the system's
performance under various load conditions and compare it
to traditional PFC techniques.

4. RESULTS AND DISCUSSIONS

The design parameters for the interleaved boost
converter were carefully chosen to ensure optimal
performance during laboratory testing. These parameters
are critical in achieving the desired power factor
correction and output voltage regulation, as well as
maintaining high efficiency under various operating
conditions. The chosen parameters for the converter are as
follows:

= V,,=220 Vrms

= V,=400 Vdc

= [,=5Adc

= Inductors, L; and L, = 700 uH
= Capacitors, C; and C, = 100 uF
= f.=50kHz

These design parameters were selected based on
the requirements of the specific application, as well as the
desired performance characteristics of the interleaved
boost converter system. The chosen parameters were then
used to design, construct, and test a laboratory prototype
of the interleaved boost converter, validating the
effectiveness of the control strategies and overall system
performance.

The experimental setup consisted of a controlled
environment with various load conditions to evaluate the
system's performance. Data was collected on power factor,
efficiency, output voltage regulation, and system stability.
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Figure-2. Steady-state input current.

The Figure-2 illustrates the steady-state behavior
of the input current signal for the interleaved boost
converter under the given operating conditions. The input
current closely follows a sinusoidal waveform, which is in
line with the input voltage. This is a desired characteristic
in power factor correction (PFC) converters, as it
minimizes the harmonic content and reactive power drawn
from the grid. By ensuring that the current waveform is in
phase with the voltage waveform, the converter maximizes
the real power delivered to the load and minimizes losses
in the power distribution system. This in-phase
relationship between input current and voltage is a key
aspect of achieving unity power factor.

Superimposed on the sinusoidal input current,
there is a small high-frequency ripple component. This
ripple is due to the switching action of the power
electronic devices in the interleaved boost converter. The
presence of the ripple is expected and indicates that the
converter is operating at the specified switching frequency
of 50 kHz. The input current has an amplitude of 11.4 A,
which is considered efficient under the given operating
conditions (input voltage of 220 Vrms at 60 Hz, output
voltage of 400 Vdc, and output current of 5 Adc). The
interleaved boost converter topology and the control
strategy employed contribute to the efficiency of the
power conversion process.
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Figure-3. Transient response in output voltage during
converter start-up and load reduction at t = 250 ms.

The Figure-3 illustrates the transient behavior of
the output voltage for the interleaved boost converter
under the given operating conditions, with a focus on the
startup and load-shedding events. During the startup
phase, the output voltage exhibits a second-order
oscillatory response with a 7% overshoot. The voltage
rises rapidly, with a short rise time of about 20 ms,
reaching its peak value before settling down. The entire
transient process is completed within approximately 70
ms, after which the output voltage stabilizes at the desired
400 Vdc level. This rapid startup response and smooth
settling indicate that the converter and its control system
are well-designed and capable of handling dynamic
changes in operating conditions.

In the steady-state region, before the load-
shedding event, a small high-frequency ripple is observed
superimposed on the output voltage. This ripple is
associated with the switching action of the power
electronic devices in the interleaved boost converter,
operating at the specified 50 kHz switching frequency.
The presence of this ripple is expected and a normal
characteristic of switching converters. At 250 ms, a
transient event occurs due to a reduction in the output
current (20%), simulating a load-shedding scenario. The
output voltage once again exhibits a second-order
oscillatory response, similar to the startup phase. The
converter's control system reacts to the change in load
conditions and quickly restores the output voltage to its
desired 400 Vdc level. This transient process is completed
within approximately 70 ms, demonstrating the converter's
ability to maintain stable output voltage under varying
load conditions.

The results demonstrated a  significant
improvement in power factor, reaching values close to
unity. The interleaved boost converter effectively
distributed power, reducing losses and enhancing
efficiency. The dual feedback loop architecture ensured
stable output voltage regulation and robust system
performance under various load conditions. The proposed
PFC system outperformed traditional techniques in terms

of power consumption and data accuracy, showcasing its
potential for real-world applications.

CONCLUSIONS

In conclusion, this paper presented an innovative
power factor correction approach using an ESP32
microcontroller embedded in an interleaved boost
converter topology. The system's main contributions
included the design and implementation of a sliding mode
control strategy for autonomous control of the interleaved
boost converter and the incorporation of a dual feedback
loop architecture for enhanced stability and performance.

Experimental results validated the effectiveness
and robustness of the proposed PFC system in addressing
power factor issues. The system demonstrated significant
improvements in power factor, efficiency, output voltage
regulation, and stability when compared to traditional PFC
techniques. Furthermore, the advanced control algorithms
and real-time monitoring capabilities provided by the
ESP32 microcontroller set the system apart from other
solutions.

The potential applications for this PFC system
span various industries, including industrial machinery,
renewable energy systems, and consumer electronics. By
effectively addressing power factor issues, the proposed
system can help optimize energy usage, reduce energy
consumption, and maintain power quality in these
applications.

Future work for the proposed system includes the
exploration of alternative control strategies and topologies
to further improve its performance, as well as the
investigation of potential integration with other power
electronics and control systems. Additionally, the
development of a more compact and cost-effective version
of the system could further enhance its commercial
viability and broaden its range of applications. Overall,
this paper contributes to the field of power electronics and
control systems by presenting a novel PFC solution that
demonstrates both effectiveness and potential for further
advancements.
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