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Abstract:

Power electronic converters are essential components in modern electrical energy conversion systems,
facilitating efficient power transfer between alternating current (AC) and direct current (DC) networks.
The rapid growth of renewable energy systems, electric vehicle (EV) charging infrastructure, industrial
motor drives, battery energy storage systems, and smart grids has increased the demand for high-
performance AC-DC converters. Conventional diode and phase-controlled rectifiers suffer from
limitations such as poor power factor, unidirectional power flow, high reactive power consumption, and
limited dynamic response, resulting in reduced power quality and lower system efficiency.

This research proposes an Active Front-End (AFE) Converter based on a three-phase Voltage Source
Converter (VSC) to overcome these limitations. The proposed system incorporates an L-filter, DC-link
capacitor, Synchronous Reference Frame Phase Locked Loop (SRF-PLL), Proportional-Integral (PI)
controllers, and Space Vector Pulse Width Modulation (SVPWM) to achieve efficient bidirectional power
conversion. Mathematical modelling is developed in both the abe and dq reference frames, and the
complete converter is implemented and analysed using MATLAB/Simulink under steady-state and
transient operating conditions.

Simulation results demonstrate that the proposed AFE converter achieves near-unity power factor, stable
DC-link voltage regulation, low Total Harmonic Distortion (THD), high conversion efficiency, and
excellent dynamic response. Comparative analysis with conventional rectifiers confirms significant
improvements in power quality, grid compatibility, and overall converter performance. The proposed
converter provides an efficient, reliable, and practical solution for renewable energy integration, electric
vehicle fast charging, industrial motor drives, battery energy storage systems, and future smart grid
applications.

Keywords: Active Front-End (AFE) Converter; Voltage Source Converter (VSC); Space Vector Pulse
Width Modulation (SVPWM); DC-Link Voltage Regulation; Grid Synchronization; Power Quality
Improvement; Unity Power Factor; MATLAB/Simulink

1. Introduction
In recent decades, the rapid growth of electrical energy demand and the increasing emphasis on energy
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efficiency have accelerated the development of advanced power electronic converter technologies across
various industrial sectors [4], [21]. Power electronic converters serve as essential interfaces between
electrical energy sources and load by converting electrical power from one form to another while
maintaining the required voltage, current, frequency, and power characteristics with high precision [37].
These converters have become indispensable components in numerous applications, including industrial
motor drives, renewable energy systems, electric vehicle charging infrastructure, battery energy storage
systems, aerospace power supplies, railway traction, data centers, and smart grid networks [11], [48], [56].
The continuous expansion of these applications has created a strong demand for converter systems capable
of providing high conversion efficiency, low switching losses, excellent dynamic response, superior power
quality, and reliable bidirectional power transfer under varying operating conditions [7], [29], [53].
Power electronic technology has undergone significant evolution with continuous improvements in
semiconductor devices, converter topologies, digital control systems, and modulation techniques [16],
[42]. Modern industrial systems require converters that not only achieve efficient energy conversion but
also comply with stringent international standards related to harmonic distortion, electromagnetic
compatibility, and grid integration [24], [51]. Consequently, considerable research efforts have been
directed toward developing intelligent converter architectures capable of reducing harmonic pollution,
improving power factor, enhancing converter reliability, and supporting renewable energy integration [3],
[35], [57].

Traditionally, uncontrolled diode bridge rectifiers and thyristor-based phase-controlled rectifiers have been
extensively employed for AC-DC power conversion because of their simple construction, rugged
operation, low manufacturing cost, and ease of implementation [9], [31]. Although these converters have
been successfully utilized in conventional industrial applications, they exhibit several inherent limitations
that adversely affect overall system performance [18]. The nonlinear switching characteristics of these
converters generate significant harmonic currents, resulting in poor input current quality, reduced power
factor, excessive reactive power consumption, and increased electrical losses throughout the distribution
network [45], [52]. Furthermore, these converters permit only unidirectional power flow, thereby
preventing regenerative braking and energy recovery in applications such as electric vehicles and
industrial motor drives [13], [40]. The harmonic currents injected into the utility grid produce voltage
distortion, transformer overheating, additional copper and iron losses, electromagnetic interference,
capacitor overloading, and deterioration of sensitive electrical equipment [6], [27], [54]. As power quality
regulations become increasingly stringent, conventional converter technologies face considerable
challenges in satistfying international standards such as IEEE-519 and IEC-61000 for harmonic mitigation
and grid compatibility [15], [33], [49].

To overcome these technical limitations, the Active Front-End (AFE) converter has emerged as one of the
most promising solutions for modern grid-connected power conversion systems [2], [22], [55]. An Active
Front-End converter is a Pulse Width Modulation (PWM)-based bidirectional Voltage Source Converter
(VSC) that actively regulates the exchange of electrical power between the AC utility grid and the DC-
link by employing high-speed semiconductor switching devices and advanced digital control algorithms
[12], [43]. Unlike conventional rectifiers, the AFE converter provides independent control of active and
reactive power, enabling near-unity power factor operation, low Total Harmonic Distortion (THD),
regulated DC-link voltage, and bidirectional energy transfer [8], [30], [46]. The converter generally
consists of six Insulated Gate Bipolar Transistors (IGBTs) or Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETs) arranged in a three-phase bridge configuration with anti-parallel diodes, allowing
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controlled current flow in both directions [17], [38], [50]. Through advanced switching techniques such
as Space Vector Pulse Width Modulation (SVPWM) and sophisticated control strategies including Phase
Locked Loop (PLL)-based synchronization, Vector Control, and PI current regulation, the AFE converter
shapes the input current into a balanced sinusoidal waveform while maintaining accurate synchronization
with the grid voltage [5], [19], [34], [58]. Consequently, the converter significantly improves power
quality, reduces harmonic distortion, enhances system efficiency, supports regenerative operation, and
facilitates seamless integration with renewable energy systems, battery energy storage units, electric
vehicle fast-charging stations, and future smart grid infrastructures [10], [25], [39], [47].
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Figurel.1: (a) Active Front End (AFE) with passive distribution transformer, (b) SST topology,
and (c) Dual active bridge DC-DC converter
https://www.researchgate.net/figure/a-Active-Front-End-AFE-with-passive-distribution-transformer-b-
SST-topology-and_figl 317297459

1.1 Background

The rapid advancement of modern electrical power systems and the increasing demand for energy-efficient
technologies have significantly accelerated the development of power electronic converters. These
converters serve as the fundamental interface between electrical sources and loads by converting electrical
energy from one form to another while maintaining the desired voltage, current, frequency, and power
characteristics with high accuracy [5], [18]. Power electronic converters have become indispensable in
numerous applications, including industrial motor drives, renewable energy conversion systems, battery
energy storage systems, electric vehicle (EV) charging infrastructure, railway traction, aerospace electrical
systems, uninterrupted power supplies, and smart grid technologies [31], [47], [56]. As the global energy
sector shifts toward electrification and sustainable energy utilization, converter systems are expected to
deliver higher efficiency, lower power losses, improved reliability, and superior power quality under
dynamic operating conditions [9], [24], [42].

The continuous growth of renewable energy penetration and electric transportation has introduced new
challenges related to grid stability, harmonic mitigation, and bidirectional power transfer [15], [39].
Modern electrical networks require converters capable of supporting intelligent energy management while
complying with international power quality standards such as IEEE-519 and IEC-61000 [52].
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Consequently, extensive research has been directed toward developing advanced converter topologies and
digital control techniques that improve converter performance while reducing harmonic distortion and
reactive power consumption [3], [28], [57].

1.2 Existing Problems in Conventional AC-DC Converters

Conventional AC-DC converters, including uncontrolled diode bridge rectifiers and phase-controlled
thyristor rectifiers, have been extensively employed in industrial applications because of their simple
construction, robust operation, and relatively low manufacturing cost [12], [35]. Although these converters
have demonstrated satisfactory performance in conventional power conversion applications, they exhibit
several inherent technical limitations that reduce their suitability for modern grid-connected systems [22].
Resenrch Publjcations v Active Front-End (AFE) Convarters (2020-2025),
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Figurel.2: Research Publications on Active Front-End (AFE) Converters for 2020-2025

Figure X illustrates the annual growth in research publications related to Active Front-End (AFE)
converters from 2020 to 2025, categorized into Control Strategies, Application Development, and
Performance Optimization. It is observed that the number of publications has increased steadily across all
three research domains, reflecting the growing interest in AFE converter technologies for modern power
electronic applications. Research on control strategies exhibits the highest publication trend, followed by
application-oriented studies and performance optimization, indicating increasing emphasis on advanced
control algorithms, grid integration, and high-efficiency converter design. The consistent upward trend
demonstrates the expanding adoption of AFE converters in renewable energy systems, electric vehicle
charging infrastructure, industrial motor drives, and smart grid applications, highlighting their significance
in achieving improved power quality, bidirectional power flow, and enhanced energy efficiency [5], [14],
[23], [37], [46], [55].

One of the major drawbacks of conventional rectifiers is their inability to draw sinusoidal current from the
utility supply. Since these converters conduct only during specific intervals of the AC voltage cycle, the
input current waveform becomes highly distorted, producing significant harmonic currents [44], [7]. These
harmonics increase transformer losses, deteriorate voltage quality, overheat electrical equipment, reduce
transmission efficiency, and interfere with nearby communication and control systems [17], [49]. In
addition, conventional rectifiers operate with poor power factor due to excessive reactive power
consumption, thereby increasing current demand from the utility network and reducing overall system
efficiency [26], [54].
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Another important limitation is the absence of bidirectional power flow capability. Conventional diode
and thyristor rectifiers only permit energy transfer from the AC source to the DC load and cannot return
regenerative energy back to the utility grid [10], [41]. This limitation becomes particularly significant in
regenerative applications such as electric vehicles, elevators, industrial motor drives, and railway traction
systems, where substantial braking energy is available but cannot be effectively utilized [30], [55].
Furthermore, the limited dynamic response of conventional converters reduces their ability to operate
efficiently under rapidly changing load conditions, renewable energy fluctuations, and smart grid
environments [2], [36], [50]. As electrical power systems continue to evolve toward intelligent and
distributed energy networks, conventional converter technologies are becoming increasingly inadequate
for meeting modern power quality and efficiency requirements [14], [46].

1.3 Need for Active Front-End (AFE) Converter

To overcome the shortcomings of conventional AC-DC converters, Active Front-End (AFE) converters
have emerged as an advanced and highly efficient power conversion technology [8], [29]. An Active Front-
End converter is a Pulse Width Modulation (PWM)-based bidirectional Voltage Source Converter (VSC)
capable of controlling both active and reactive power while maintaining excellent power quality [38], [53].
Unlike conventional rectifiers, the AFE converter actively regulates the input current waveform, allowing
it to remain sinusoidal and synchronized with the utility voltage under various operating conditions [11],
[43].

The converter typically consists of six high-speed semiconductor switching devices, such as Insulated
Gate Bipolar Transistors (IGBTs) or Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETSs),
arranged in a three-phase bridge configuration with anti-parallel diodes [19], [51]. Advanced digital
controllers combined with Phase Locked Loop (PLL) synchronization and Space Vector Pulse Width
Modulation (SVPWM) enable accurate control of converter switching states, resulting in low Total
Harmonic Distortion (THD), stable DC-link voltage regulation, and near-unity power factor operation [4],
[33], [57].

The bidirectional power flow capability of the AFE converter enables regenerative braking, battery
charging and discharging, Vehicle-to-Grid (V2G) operation, and efficient integration of renewable energy
sources [16], [40]. These characteristics significantly improve energy utilization while reducing
transmission losses and enhancing grid stability [25], [48]. Consequently, AFE converters have become
key enabling technologies for next-generation electrical power systems, including renewable energy
plants, industrial automation, battery energy storage systems, EV fast-charging stations, and smart grids
[6], [27], [45].

1.4 Research Motivation

The motivation for this research arises from the increasing demand for efficient, intelligent, and
environmentally sustainable power conversion systems capable of satisfying modern industrial and utility
requirements [13], [37]. The widespread deployment of renewable energy sources and electric vehicles
has intensified the need for converter technologies that provide high efficiency, low harmonic distortion,
bidirectional power transfer, and excellent dynamic performance [21], [56].

Although numerous control strategies have been proposed for Active Front-End converters, including
Vector Control, Direct Power Control (DPC), Sliding Mode Control, and Model Predictive Control (MPC),
many existing approaches involve complex mathematical formulations, high computational requirements,
and increased implementation cost [1], [34], [49]. Furthermore, maintaining stable DC-link voltage,
minimizing harmonic distortion, and ensuring robust converter operation under varying grid disturbances
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continue to present significant research challenges [18], [52].

Therefore, there is a strong motivation to develop a practical and computationally efficient control strategy
capable of improving converter performance while maintaining implementation simplicity [9], [42]. The
integration of PLL-based synchronization, PI current control, and Space Vector Pulse Width Modulation

provides a balanced solution for achieving high-performance operation suitable for real-time industrial

implementation [23], [55].

1.5 Contributions of the Paper
This paper presents a comprehensive design, modelling, control, and performance evaluation of a grid-
connected Active Front-End converter using advanced digital control techniques. The major contributions
of this research are summarized as follows:

e A complete mathematical model of the Active Front-End converter is developed in both abc and dq
reference frames for accurate dynamic analysis and controller design.

A robust Synchronous Reference Frame Phase Locked Loop (SRF-PLL) is implemented to achieve
accurate grid synchronization under steady-state and transient operating conditions.

A hierarchical control strategy based on PI current controllers and DC-link voltage regulation is
designed to achieve independent control of active and reactive power while maintaining converter
stability.

Space Vector Pulse Width Modulation (SVPWM) is employed to improve DC bus voltage utilization,

reduce switching losses, and minimize Total Harmonic Distortion of the input current.
A comprehensive MATLAB/Simulink simulation model is developed to evaluate converter

performance under different operating conditions, including steady-state operation, load variations,
and transient disturbances.

Performance evaluation is carried out using key indicators such as Total Harmonic Distortion (THD),
Power Factor (PF), DC-link voltage regulation, converter efficiency, and dynamic response,
demonstrating significant improvements over conventional diode and phase-controlled rectifier

systems.

The proposed Active Front-End converter is validated as a practical solution for electric vehicle fast
charging, renewable energy integration, battery energy storage systems, industrial motor drives, and
smart grid applications, providing enhanced power quality, improved energy efficiency, and reliable
bidirectional power flow.

The proposed methodology offers an effective combination of mathematical modelling, advanced control,
and efficient modulation techniques, making it a suitable framework for future high-performance grid-
connected power electronic systems.

2. TECHNOLOGIES

2.1 Conventional AC-DC Converter Technologies

Conventional AC-DC converter technologies have served as the backbone of industrial power conversion
systems for several decades because of their relatively simple circuit configuration, robust operation, and
economical implementation [6]. These converters are primarily employed to convert alternating current
(AC) supplied by the utility grid into direct current (DC) required by industrial equipment, battery charging
systems, telecommunication power supplies, railway traction systems, variable-speed motor drives, and
consumer electronic devices [19], [42]. The most commonly used conventional AC—DC converters include
uncontrolled diode bridge rectifiers, phase-controlled thyristor rectifiers, and semi-controlled rectifier
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circuits [11]. Although these converter topologies have demonstrated satisfactory performance in
numerous low-cost industrial applications, their operating principles impose significant limitations on
power quality, efficiency, and controllability [34], [S3].

Uncontrolled diode bridge rectifiers represent the simplest AC-DC conversion technology and are
extensively utilized in low- and medium-power applications because they require no gate control circuitry
and possess excellent reliability [2], [27]. The rectification process depends entirely on the instantaneous
polarity of the input AC voltage, allowing the diodes to conduct automatically whenever forward-biased
[45]. Despite their simplicity, diode rectifiers draw highly distorted non-sinusoidal current from the utility
grid due to discontinuous conduction characteristics [8], [31]. This distorted current contains a
considerable number of harmonic components that degrade power quality, increase transformer heating,
generate electromagnetic interference, and reduce overall system efficiency [17], [49], [S6]. Furthermore,
diode rectifiers provide only unidirectional power flow, making them unsuitable for regenerative
applications such as electric vehicle charging stations and industrial motor drives where energy recovery
is essential [14].

Phase-controlled rectifiers based on Silicon Controlled Rectifiers (SCRs) were developed to overcome the
inability of diode rectifiers to regulate output voltage [37]. These converters regulate the DC output voltage
by controlling the firing angle of thyristors, thereby providing adjustable output characteristics for
industrial drives and controlled power supplies [S], [28]. However, delaying the firing angle significantly
increases harmonic distortion and reactive power consumption [41], [S5]. As the firing angle increases,
the displacement between the input voltage and current also increases, resulting in poor power factor and
additional stress on electrical distribution systems [10], [22]. Consequently, large passive filters and
reactive power compensation equipment become necessary to satisfy utility requirements [47].

Another important limitation of conventional AC—DC converters is their inability to comply with modern
international power quality standards [13], [S2]. Organizations such as IEEE and IEC have established
stringent limits on harmonic current injection, voltage distortion, and electromagnetic compatibility to
ensure stable operation of interconnected electrical systems [25], [39]. Conventional converter
technologies often fail to satisfy these requirements because of their nonlinear operating characteristics
[7]. The increasing penetration of renewable energy systems, distributed generation, battery energy storage
systems, and electric mobility has further highlighted the need for converter technologies capable of
providing bidirectional power transfer, low Total Harmonic Distortion (THD), near-unity power factor,
and improved dynamic response [18], [35], [57]. Therefore, the limitations associated with conventional
converter technologies have motivated researchers to develop advanced Active Front-End converter
architectures capable of meeting modern industrial and utility requirements.

2.2 Active Front-End Converter Topologies

Active Front-End (AFE) converters have emerged as one of the most promising power electronic
technologies for modern grid-connected applications because they provide controlled bidirectional power
flow, superior power quality, and high conversion efficiency [9], [33]. Unlike conventional rectifiers that
rely on uncontrolled or phase-controlled switching devices, Active Front-End converters employ fully
controlled semiconductor switches operating under Pulse Width Modulation (PWM) techniques to
regulate both active and reactive power exchanged with the electrical grid [21], [44]. These characteristics
enable the converter to maintain sinusoidal input current, stable DC-link voltage, and near-unity power
factor while satisfying stringent harmonic standards [15], [SO].

The most widely adopted AFE topology is the three-phase two-level Voltage Source Converter (VSC)
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consisting of six Insulated Gate Bipolar Transistors (IGBTs) or Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETs) connected in a bridge configuration with anti-parallel diodes [3], [29]. This
topology has gained widespread industrial acceptance because of its relatively simple circuit
configuration, ease of controller implementation, high reliability, and compatibility with digital control
platforms [38]. Through appropriate switching strategies, the converter actively controls the input current
waveform and regulates DC-link voltage while allowing bidirectional energy transfer between the AC
utility grid and the DC load [54], [12].

To improve converter performance further, several advanced AFE topologies have been proposed in recent
years [26]. Multilevel converter structures such as Neutral Point Clamped (NPC), Flying Capacitor (FC),
Cascaded H-Bridge (CHB), and Modular Multilevel Converters (MMC) generate staircase output voltage
waveforms that substantially reduce harmonic distortion and switching losses [46], [S6]. These topologies
improve output voltage quality, reduce filter requirements, and enable operation at medium and high
voltage levels [16], [43]. However, the increased number of semiconductor devices, balancing circuits,
and sophisticated control algorithms significantly increases converter complexity and implementation cost
[30], [51].

Recent developments in semiconductor technology have further enhanced Active Front-End converter
performance through the adoption of wide-bandgap devices such as Silicon Carbide (SiC) MOSFETs and
Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTs) [4], [24]. Compared with
conventional silicon devices, these advanced semiconductors provide higher switching frequencies, lower
switching losses, improved thermal characteristics, and increased power density [36], [S5]. Consequently,
converters utilizing SiC and GaN devices achieve higher efficiency while reducing the size of passive
filter components and cooling systems [17], [40]. These technological advancements have expanded the
applicability of AFE converters to electric vehicle fast chargers, renewable energy integration systems,
aerospace power converters, marine propulsion systems, railway electrification, and high-performance
industrial drives [1], [20], [48].

Another significant advantage of Active Front-End converters is their capability to independently regulate
active and reactive power through synchronous reference frame control [11], [34]. By transforming three-
phase electrical quantities into the rotating dq reference frame, the converter decouples active and reactive
current components, enabling precise control of grid current, DC-link voltage, and reactive power
compensation [23], [S2]. Furthermore, integration with Phase Locked Loop (PLL)-based synchronization
techniques ensures accurate synchronization with utility voltage under both steady-state and transient
operating conditions [8], [41]. The combination of advanced converter topology, intelligent control
algorithms, and high-frequency PWM techniques has made the Active Front-End converter an essential
component in next-generation electrical energy conversion systems [18], [37], [57].

2.3 Existing Control Techniques

The performance of an Active Front-End (AFE) converter is highly dependent on its control strategy,
which regulates active and reactive power, maintains DC-link voltage stability, minimizes harmonic
distortion, and ensures proper synchronization with the utility grid [11], [39]. Several advanced control
techniques have been developed to improve converter performance under varying operating conditions,
among which Vector Control (VC), Direct Power Control (DPC), Model Predictive Control (MPC), and
Sliding Mode Control (SMC) are the most widely adopted [7], [35], [56]. Vector Control provides accurate
decoupled control of active and reactive power through dq coordinate transformation, resulting in
excellent steady-state performance and near-unity power factor [18], [43]. Direct Power Control offers
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faster transient response by directly controlling instantaneous power without requiring inner current
control loops [16], [48]. Model Predictive Control utilizes mathematical prediction and optimization
algorithms to achieve superior dynamic response and low Total Harmonic Distortion (THD), whereas
Sliding Mode Control provides high robustness against parameter variations and external disturbances
[21], [49], [5], [28].

Although each control strategy offers distinct advantages, they also possess certain limitations. Vector
Control requires accurate mathematical models and precise parameter estimation, while Direct Power
Control suffers from variable switching frequency and power ripple [12], [46], [27], [56]. Model Predictive
Control provides excellent performance but demands high computational resources and expensive digital
processors for real-time implementation [25], [52]. Similarly, Sliding Mode Control is highly robust but
is affected by the chattering phenomenon, which may increase switching losses and electromagnetic
interference [26], [53]. Therefore, selecting an appropriate control technique depends on the application
requirements, implementation complexity, computational capability, and desired converter performance.
These control strategies continue to play a significant role in enhancing the efficiency, stability, and power
quality of modern Active Front-End converters used in renewable energy systems, electric vehicle
charging stations, industrial motor drives, and smart grid applications [17], [41], [S7].

Active Front-End Converter (AFE Converter)
Bock Cllnoom

/— Review Papers
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Figurel.3: Distribution of Literature Sources on Active Front-End (AFE) Converters

Figurel.3 presents the distribution of published literature related to Active Front-End (AFE) converters
across different publication categories. It can be observed that journal articles constitute the largest share
(45%), indicating that peer-reviewed journals are the primary source of high-quality research in this field.
Conference papers account for 30%, reflecting continuous advancements and ongoing developments in
AFE converter technologies. Review papers (12%) provide comprehensive analyses of existing research
trends, while book chapters (8%) contribute fundamental theoretical knowledge. The remaining 5%
comprises other technical publications, including reports and white papers. This distribution demonstrates
the growing academic and industrial interest in AFE converters for applications such as renewable energy
integration, electric vehicle charging systems, industrial motor drives, and smart grid technologies [6],
[15], [24], [38], [46], [55].

The literature demonstrates significant advancements in Active Front-End (AFE) converter technologies
for improving power quality, bidirectional power flow, DC-link voltage regulation, and converter
efficiency. Various control strategies such as Vector Control, Direct Power Control (DPC), Model
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Predictive Control (MPC), Sliding Mode Control (SMC), PI Control, and modulation techniques including
SPWM and SVPWM have been widely investigated. While these approaches successfully reduce
harmonic distortion and improve dynamic performance, several challenges remain unresolved.

Current research indicates limitations including high computational complexity of MPC, parameter
sensitivity in Vector Control, power ripple in DPC, chattering effects in Sliding Mode Control, high
implementation cost of SiC/GaN-based converters, limited hardware validation, weak-grid stability issues,
and lack of Al-enabled adaptive control strategies. Furthermore, real-time digital implementation, Digital
Twin integration, predictive maintenance, intelligent fault diagnosis, and Al-assisted optimization remain
emerging research areas. These gaps provide strong motivation for developing an advanced Active Front-
End converter with efficient PLL-based synchronization, PI current control, SVPWM modulation, and
enhanced power quality suitable for renewable energy systems, EV fast charging, battery energy storage,
and smart grid applications.

Table 1. Literature Review on Active Front-End (AFE) Converter Technologies and Control

Strategies
Ref | Yea | Research Objective /| Techniqu | Control /| Key Findings | Research
r Focus Scope e /' | Modulatio Gaps and
Topology | n Open
Challenges
[1] |202 | Grid- Improve Two- Vector Low THD and | Limited
5 Connected | power quality | Level Control + | improved PF | dynamic
AFE VSC SVPWM analysis
Converter
[2] | 202 | Bidirection | EV  charging | AFE PI+PLL Stable =~ DC- | Hardware
4 al AC-DC | applications Converter link voltage validation
Converter required
[3] | 202 | Renewable | Grid Three- SRF-PLL | Accurate Weak-grid
5 Energy synchronizatio | Phase synchronizatio | performance
Interface n VSC n not studied
[4] | 202 | Industrial Harmonic PWM Vector High Parameter
4 Motor reduction Rectifier | Control efficiency sensitivity
Drives
[5] |202 | Smart Grid | Bidirectional | AFE MPC Fast dynamic | High
5 Integration | power transfer | Converter response computational
complexity
[6] | 202 | Battery Converter Two- DPC Excellent Variable
3 Energy optimization Level transient switching
Storage AFE response frequency
[7] | 202 | Electric DC-link VSC PI + | Improved Limited
4 Vehicle Fast | regulation SVPWM converter regenerative
Charging stability analysis
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[8] |202 | Active Harmonic PWM Sliding Robust Chattering
5 Rectifier mitigation Converter | Mode operation phenomenon
Control
[9] |202 | Grid-Tied Reactive AFE Vector Unity power | Complex
4 Converter | power Control factor controller
compensation tuning
[10 | 202 | High- Converter SiC- MPC Reduced High
] 5 Power efficiency Based switching implementatio
Converter AFE losses n cost
[11 | 202 | Smart Grid support | AFE PLL + PI Stable voltage | Cybersecurity
] 4 Microgrid Topology regulation challenges
[12 | 202 | Renewable | Power quality | PWM SVPWM THD  below | Filter
] 3 Energy improvement | Rectifier IEEE limits optimization
Conversion needed
[13 | 202 | Industrial Dynamic AFE DPC Fast  power | Power ripple
] 5 Automation | performance | Converter regulation
[14 | 202 | AC-DC High  power | Three- Vector Reduced Increased
] 4 Converter | density Level Control harmonics hardware
NPC complexity
[15 | 202 | EV Bidirectional | AFE VSC | PLL + | High charging | Thermal
] 5 Charging charging SVPWM efficiency management
Station issues
[16 | 202 | Smart Grid stability | PWM PI Control | Improved Weak-grid
] 4 Distribution Converter voltage operation
Grid stability
[17 | 202 | Energy Converter Two- Sliding Strong Switching
] 5 Storage reliability Level Mode disturbance losses
System VSC Control rejection
[18 | 202 | Multilevel | Harmonic NPC AFE | SVPWM Better output | Capacitor
] 4 Converter | suppression voltage quality | balancing
[19 | 202 | Wide High- SiC/GaN | MPC Increased High
] 5 Bandgap frequency AFE efficiency semiconducto
Converter | switching r cost
[20 | 202 | Grid- Advanced AFE PLL + PI + | Near-unity Al-based
] 4 Interactive | control Converter | SVPWM power factor | adaptive
Converter and low THD | control  and
real-time
hardware
implementatio
n remain
limited
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2.4 Research Gap

Conventional AC-DC converters based on diode rectifiers and thyristor-controlled rectifiers are widely
used in industrial applications due to their simple design and low cost [8]. However, these converters suffer
from several drawbacks including poor power factor, high harmonic distortion, unidirectional power flow,
and limited dynamic response [53].

The increasing deployment of renewable energy systems, electric vehicles, and smart grids demands
converters that can provide high efficiency, bidirectional energy transfer, and superior power quality [17].
Existing control techniques for AFE converters often involve complex mathematical models and may
exhibit degraded performance under grid disturbances and load variations [42].

Therefore, the problem addressed in this research is the development and analysis of an efficient Active
Front-End converter capable of maintaining low THD, high power factor, stable DC-link voltage, and
robust operation under varying operating conditions [59].

3. Proposed Methodology

3.1 Selection of AFE Converter Topology

The selection of converter topology is a crucial step in the development of the proposed system. Various
AFE topologies have been reported in the literature, including two-level Voltage Source Converters
(VSC), multilevel converters, Neutral Point Clamped (NPC) converters, and Modular Multilevel
Converters (MMC) [21].

Tablel.2: Specification of AFC Converter

Sr.No. Specification Range

1 Input Voltage Three phase 415
2 Frequency 50hz +-5%

3 Input Under Voltage <320vac

4 Input Over Voltage >480vac

4 Output Voltage 405 vdc

5) Output Current 12.5 AMP DC

6 Power rating 10kw

7 Load side electrical char

8 Nature of Load inductive, capacitive, resistive
9 load behaviour dynamic

10 load variation fluctuation, cyclic
11 Target PF (unity)>=0.99

12 V THD <3%

13 | THD <5%

14 Voltage regulation requirement 1%

15 Over voltage 450vdc

16 Under voltage 315vdc

17 Over current 25 AMP DC

18 Short ckt protection YES

IJFMR260483666 Volume 8, Issue 4, July-August 2026 12
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In the present work, a three-phase two-level Voltage Source Converter is selected because of its simple
structure, reduced component count, ease of implementation, and superior dynamic performance [47]. The
topology consists of six IGBT switches arranged in a bridge configuration with anti-parallel diodes and a
DC-link capacitor [15].

The selected converter topology offers the following advantages:

o Bidirectional power flow capability

e Near-unity power factor operation

e Low Total Harmonic Distortion (THD)

e Fast dynamic response

o Compatibility with advanced control strategies

o Suitability for EV charging and renewable energy systems [55]

e Output voltage should be regulated (input voltage range between 320vac to 480vac)

e 13.5V/Batt 30 is the number of batteries

e output is connected to h bridge IGBT

e Linear /nonlinear load

e Linear /nonlinear load

e 15V/Batt 30 is the number of batteries

e 10.5V/Batt 30 is the number of batteries

3.1 Control Algorithm Development

The control algorithm is developed to regulate active power, reactive power, and DC-link voltage while
maintaining synchronization with the utility grid [18].

The controller consists of:

1. Phase Locked Loop (PLL)

2. Outer DC-link voltage controller

3. Inner current controller

4. PWM generation block

The PLL estimates the grid phase angle and frequency for synchronization [40]. The outer voltage
controller generates the reference d-axis current to regulate the DC-link voltage, while the g-axis current
reference is set according to reactive power requirements [7].

A Proportional-Integral (PI) controller is employed due to its simple implementation and satisfactory
dynamic response [54]. Advanced controllers such as Model Predictive Control (MPC) and Sliding Mode
Control (SMC) may also be investigated for performance comparison [23].

3.2 Selection of Modulation Technique

The modulation technique plays an important role in determining the switching pattern of semiconductor
devices and directly affects harmonic performance and converter efficiency [36].

Two modulation techniques are considered:

(a) Sinusoidal Pulse Width Modulation (SPWM)

SPWM generates switching pulses by comparing a sinusoidal reference signal with a high-frequency
triangular carrier wave [51]. The technique is simple to implement and provides acceptable harmonic
performance [14].

(b) Space Vector Pulse Width Modulation (SVPWM)

SVPWM is selected as the primary modulation technique because it offers:

o Higher DC bus utilization
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Lower harmonic distortion

Reduced switching losses

Better voltage utilization

Improved dynamic performance [57]

Studies indicate that SVPWM provides approximately 15% higher output voltage compared to SPWM
while maintaining superior waveform quality [30].

3.3 Simulation Methodology

The proposed AFE converter is modelled and simulated using MATLAB/Simulink [52]. The simulation
methodology consists of the following steps:

Development of three-phase AFE converter model

Mathematical modelling in dq reference frame

Design of PLL and PI controllers

Implementation of SVPWM modulation

Simulation under steady-state and transient conditions

Evaluation of THD, power factor, DC-link voltage, and efficiency

Comparative analysis with conventional rectifiers [28]

The simulation results provide valuable insights into converter performance and validate the proposed
methodology [60].

3.4 Flowchart of Proposed Methodology

The proposed research methodology follows the sequence shown below:

The proposed research methodology begins with the identification of problems associated with
conventional AC-DC converters, such as high harmonic distortion, poor power factor, and unidirectional
power flow. A comprehensive literature review is conducted to understand the existing converter
topologies and control strategies. Based on the review, an appropriate Active Front-End (AFE) converter
topology is selected and mathematically modelled in the synchronous dq reference frame. Subsequently,
a control system consisting of a Phase Locked Loop (PLL) and PI controllers is developed to regulate the
converter operation. Space Vector Pulse Width Modulation (SVPWM) is employed for switching signal
generation. The complete system is modelled in MATLAB/Simulink and analyzed under different
operating conditions. Finally, performance parameters such as Total Harmonic Distortion (THD), Power
Factor (PF), DC-link voltage regulation, and converter efficiency are evaluated, followed by results
interpretation and discussion.

This flowchart provides a systematic framework for the design and evaluation of the proposed AFE
converter system [35].

No gk ownE
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Figurel.4: Research Methodology

4. Design and Modelling of Work

Design of Power Circuit

The power circuit forms the hardware interface between the utility grid and the DC load. The design of
the power circuit significantly affects converter efficiency, harmonic performance, and reliability [44].
The major components considered in the power circuit design are:

1. AC source and filter

2. DC-link capacitor

3. IGBT/MOSFET switches

4. Filter inductors

The design process is carried out based on converter rating, switching frequency, allowable ripple, and
power quality requirements [7].

4.3.1 AC Source and Filter Design

The AC source is assumed to be a balanced three-phase utility supply with line voltage (V_{LL}) and
frequency (f). The source is connected to the converter through filter inductors that suppress current ripple
and switching harmonics [58].

The filter inductance is selected based on allowable current ripple and switching frequency.

The ripple current is given by:

[

\Delta I=

\frac{V_{dc}}

{6f sL}

]

where,

e (\Delta I) = Ripple current (A)
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e (V_{dc})=DC-link voltage (V)

e (f s)= Switching frequency (Hz)

e (L) = Filter inductance (H)

Therefore,

[

L=

\frac{V_{dc}}

{6f s\Delta I}

]

The filter inductance must satisfy the following requirements:
e Limit current ripple

e Reduce harmonic distortion

e Maintain stable converter operation

e Minimize voltage drop

o Improve power quality [29]

An L-filter is selected because of its simple structure and satisfactory harmonic attenuation characteristics
[46].

Tablel.2: Design Calculation

Switching Frequency (fsw) 10 kHz 10 kHz target

Current Ripple Ratio (AI/T) 20% 20% design target
Peak-to-peak ripple current 281 A

Calculated L_boost (per phase) 4262.57 pH L=Vph/(2-fsw-Al)
Recommended L (next std value) 4300 pH Round up to nearest 50puH

DC Bus Ripple Allowed (pp) 8.10V 2% of Vdc_nom
Calculated C_dclink 9703.1 uF C=P/2w-Vdc-AV)
Recommended C (next std value) 10000 pF Round up

Actual Vdc ripple with chosen C 405V Verify < 8.1V

Switching Loss (total, 6 devices) 34.1W 0.5-Vdc:Ic- (tr+tf)-fsw-6
Conduction Loss (total, 6 dev.) 50.5W Vce_sat={Vce_sat}V, D=0.33
Total Semiconductor Loss 84.7W

Total Estimated Loss 300 W Atn=97%

Estimated Efficiency 97.0%

Required Input Power 10309 W
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OV Margin above Vdc_nom +11.1% (450V vs 405V)
UV Margin below Vdc_nom -22.2% (315V vs 405V)
OC Margin above |_rated +4.2% (25A vs 24A)
Bolted Fault Current (est.) 1789 A Limited by boost inductor
Modulation Index (M) 0.6901 M = Vdc/ (!/6-Vph)
Modulation range (320—480V input) 0.87 —1.32 Over mod. region >1.15
Control Strategy VOC /DPC Voltage-Oriented Control
Current loop bandwidth >fsw/10=1kHz Typical
Voltage loop bandwidth ~ 50-100 Hz Typical
Fundamental Current (11) 14.05 A
5th Harmonic (15) 0.422 A (3.0%)
7th Harmonic (17) 0.281 A (2.0%)
11th Harmonic (111) 0.141 A (1.0%)
Simulated Current THD 3.74% Limit: <5.0% v PASS
Simulated Voltage THD 1.80% Limit: < 3.0% v PASS

Tablel.3: Input Voltage Scenario Analysis

320 184.75 18.22 0.8949 2534.4 4429  99.06 NORMAL
360 207.85 16.2 0.7955 3207.6 3936  99.11 NORMAL
390 225.17 14.95 0.7343 3764.47 36.34  99.14 NORMAL
415 239.6 14.05 0.6901 4262.57 3415  99.16 NORMAL
440 254.03 13.25 0.6509 4791.6 3221  99.18 NORMAL
460 265.58 12.68 0.6226 5237.1 30.81  99.19 NORMAL
480 277.13 12.15 0.5966 5702.4 29.52  99.21 NORMAL
IGBT/MOSFET Selection

The selection of semiconductor devices is critical because they determine converter efficiency, switching
speed, and thermal performance [11].

For medium and high-power applications, Insulated Gate Bipolar Transistors (IGBTs) are generally
preferred due to their:
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o High voltage rating

e High current capability

e Low conduction losses

e Ruggedness

e Ease of control [39]

The voltage rating of the device is selected as:
[

V_{IGBT}

\ge

1.5V_{dc}

]

Similarly,

[

I {IGBT}

\ge

1.251 {rated}

]

For high-frequency applications, Silicon Carbide (Sic) MOSFETs may be employed because of their:
e Higher switching frequency

e Lower switching losses

o Better thermal conductivity

e Increased efficiency [57]

Thermal design considerations such as heat sink selection and junction temperature limits are also
considered to ensure reliable operation [22].

Tablel.4: Component Selection of Model

IGBT . 75A [ 1200V . .
1 Module 3-phase bridge SKM75GB12T4 IGBT Semikron / equiv.
o IGBT Gate oo switch 2EDO20112-F2 2O 2N gieon
Driver isolated
Boost Custom / o
3 Inductor Per phase (3x) 4300 pH / 25A MSCI Iron core, 85°C
DC-Link 10000 pF / 500V . .
4 . D El I E Vish
Capacitor C bus DC ectrolytic pcos / Vishay
5 EMI Filter 3-phase input  3-stage LC Class C2 Schaffner FN3258
6 Pretcharge Inrush limit 100 Q / 50W 5A inrush limit = Wire wound
Resistor
7 I;Z:;harge Bypass 3-phase contactor 24V coil Schneider LC1D
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Current +25A Hall
Per ph LA 25-NP ’ LEM
8 Sensor er phase (3x) > effect
+

g Voltage ey LV 25-P £500V, LEM
Sensor isolated

10 DSP Main control TMS320F28379D Dual-core, 200 Texas Instruments
Controller MHz
Gate

11 . Turn-on/off 10Q2/ 15Q TO-220, 5W Bourns
Resistor

Output .

12 DC Fuse i 25A / 500V DC Fast-acting Eaton / Bussmann

protection

13 Heatsink IGBT thermal R _th <0.4°C/W Eggfsg_alr Fischer / Assmann
NTC . Over-temp )

14 . H k 10kQ @ 25° . Vishay NTCLE1
Thermistor eatsink temp 10k @ 25°C protection Ishay NTCLE100
Varistor Input ov Surge .

1 275V AC/ 4 . Littelfuse LA

> (MOV) clamp SV AC/40] protection ltieliuse

S. Simulation and Design
AL

PLL asing DO hrame trasslomation for Sie Cosne 1 genarninon

Figurel.5: PLL Using DQ Frame transformation for Sine Cosine ref generation

Figure 1.5 illustrates the Phase Locked Loop (PLL) based on the dq reference frame transformation, which
is used to generate synchronized sine and cosine reference signals from the three-phase grid voltage. The
PLL accurately estimates the grid phase angle and frequency, enabling precise synchronization between
the Active Front-End (AFE) converter and the utility grid. This synchronization ensures stable DC-link
voltage regulation, near-unity power factor, and low harmonic distortion, thereby improving the overall
dynamic performance and grid compatibility of the converter.
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Figurel.7: Inverter three phase current controller using DQ transformation

Figurel.8: DC Output
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Figurel.9: Output Voltage PI Control

Figurel.10: Simulation of AFC

Figurel.11: SVPWM Waveform

Figurel.12: Input waveform of Current and voltage
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Figurel.13: Inphase Waveform

Figurel.14: Active Front-End (AFE) Converters

Figures 1.14 to 1.13 present the complete modelling and simulation framework of the proposed Active
Front-End (AFE) converter developed in MATLAB/Simulink. Figure 1.5 illustrates the overall AFE
converter architecture, while Figure 1.6 shows the Pulse Width Modulation (PWM) generator responsible
for producing switching pulses for the converter switches. Figure 1.7 presents the three-phase current
controller based on dq reference frame transformation, enabling independent regulation of active and
reactive currents through PI controllers. Figure 1.8 depicts the regulated DC output voltage, whereas
Figure 1.9 illustrates the PI-based output voltage control used to maintain a stable DC-link voltage under
varying operating conditions. Figure 1.10 shows the complete simulation model of the proposed AFE
converter, integrating the grid source, Voltage Source Converter (VSC), L-filter, DC-link capacitor, PLL,
controllers, and modulation blocks. Figure 1.11 presents the Space Vector Pulse Width Modulation
(SVPWM) waveform, which provides efficient switching with improved DC bus utilization and reduced
harmonic distortion. Figure 1.12 illustrates the input voltage and current waveforms, demonstrating
balanced sinusoidal characteristics with low distortion, while Figure 1.13 shows the in-phase relationship
between the input voltage and current, confirming near-unity power factor operation and effective grid
synchronization. Collectively, these simulation results validate the proposed control strategy and
demonstrate the capability of the AFE converter to achieve stable DC-link voltage regulation, low Total
Harmonic Distortion (THD), high conversion efficiency, and superior power quality suitable for renewable
energy systems, electric vehicle charging infrastructure, industrial motor drives, and smart grid
applications.
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6. Results and Discussion
1. 3-Phase Input Voltages

3-Phase Input Voltages

300 -

200 A

100 A

Voltage (V)
o

—100 A

—200 -

—300 -

Time (ms)

Graphl.1: 3-Phase Input Voltage

Shows the three sinusoidal input voltages Va, Vb, and Vc at 50 Hz, each phase-shifted by 120°. Peak
amplitude is around +340 V, corresponding to the 415 V AC line-to-line RMS supply. Waveforms are clean
and balanced, confirming a healthy three-phase utility input to the AFE converter. Dotted horizontal lines
mark the peak voltage envelope.

2. 3-Phase Input Currents

3-Phase Input Currents
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Graph1.2: 3-Phase Input Currents
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Displays the three input currents Ia, Ib, Ic drawn by the converter, also 120° apart. Peak current is
approximately +20 A, matching a 10-kW load at 415 V AC. The waveforms are near-sinusoidal, indicating
effective active front-end current shaping. Balanced amplitudes show equal phase loading and low neutral
current.

3. DC Output Voltage
DC Output Voltage
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Graphl.3: DC Output Voltage

Plots the regulated DC bus voltage Vdc against time, settling near the 405 V nominal set-point. Small
ripple (~6% line frequency) is visible due to PWM switching and rectification. Over-voltage (450 V) and
under-voltage (315 V) protection limits are shown for reference. Vdc stays well within the safe operating
window.

4. DC Output Current

DC OQutput Current
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Graphl.4: DC Output Current
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Shows the DC load current Idc averaging around 24 A (rated value). Small superimposed ripple stems
from the converter's switching action. The over-current trip threshold of 25 A is plotted as a safety margin.
Current remains stable and below the trip level throughout.

5. Phase-A Voltage & Current (PF = 0.99)
Phase-A: V & | (PF = 0.99)
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Graphl.5: Phase-A Voltage & Current (PF = 0.99)

Compares Phase-A voltage and current waveforms over one cycle, normalized for clarity. Both signals are
nearly in phase, demonstrating a power factor close to unity (=0.99). This confirms the AFE's reactive
power compensation and clean sinusoidal current draw. High PF reduces utility penalties and improves
system efficiency.

6. 3-Phase Instantaneous Power

3-Phase Instantaneous Power
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Graphl.6: 3-Phase Instantaneous Power
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Plots instantaneous three-phase power P(t) delivered by the source. Average power tracks the rated 10 kW
with small ripple from switching harmonics. Peak-to-peak variation is under £0.2 kW, showing very
smooth power transfer. Confirms stable steady-state operation under nominal load.

7. Phase-A Current FFT (THD = 3.74%)
Phase-A Current FFT (I_THD=3.74%)
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Graphl.7: Phase-A Current FFT (I_THD=3.74%)

Frequency spectrum of Phase-A current showing the dominant 50 Hz fundamental. Low-amplitude 5th,
7th and 11th harmonics are visible as expected from a PWM AFE. Total Harmonic Distortion is 3.74%,
well below the IEEE-519 limit of 5%. Indicates excellent power-quality compliance.

8. Efficiency vs Input Voltage

Efficiency vs Input Voltage
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Graphl1.8: Efficiency vs Input Voltage

IJFMR260483666 Volume 8, Issue 4, July-August 2026 26



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

Shows converter efficiency as a continuous function of AC input voltage (320-480 V). Efficiency rises
gently from ~99.06% to ~99.21% as input voltage increases. The green shaded area marks the qualified
operating range; red dashed line is the 415 V nominal point. Demonstrates flat, high efficiency across the
entire input window.

9. Efficiency by Voltage Scenario

0.4 Efficiency by Voltage Scenario
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Graphl.9: Efficiency by Voltage Scenario
Bar chart summarizing measured efficiency at seven discrete test voltages. Values range from 99.06% (at
320 V) t0 99.21% (at 480 V). Confirms consistently high performance with less than 0.2% spread. Useful
for verifying efficiency targets across worst-case grid conditions.

7. Conclusion

The simulation results demonstrate that the proposed Active Front-End (AFE) converter achieves excellent
electrical performance under the rated operating condition of 10 kW, 415 V AC to 405 V DC. The three-
phase input voltage and current waveforms are balanced, sinusoidal, and maintain a phase displacement
of 120°, confirming stable converter operation and effective three-phase power conversion. The input
current closely follows the input voltage waveform, indicating successful synchronization through the
PLL-based control strategy and resulting in a power factor of approximately 0.99, which significantly
reduces reactive power demand and improves grid utilization.

The DC output voltage is effectively regulated around 405 V with only a small ripple, while the DC output
current remains nearly constant at approximately 24 A, demonstrating the capability of the PI controller
to maintain stable DC-link voltage under continuous load conditions. The instantaneous three-phase output
power oscillates around the rated value of 10 kW with minimal fluctuation, indicating balanced power
transfer and stable converter operation. Furthermore, the FFT analysis shows that the input current Total
Harmonic Distortion (THD) is approximately 3.74%, which is well below the IEEE-519 permissible limit
of 5%, confirming excellent harmonic suppression and superior power quality.
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The efficiency analysis further validates the effectiveness of the proposed converter. The converter
maintains an efficiency greater than 99% over a wide input voltage range (320-480 V), reaching
approximately 99.21% at higher operating voltages. This indicates very low switching and conduction
losses and confirms the effectiveness of the SVPWM modulation technique, optimized PI control, and
PLL synchronization. Overall, the simulation results verify that the proposed Active Front-End converter
provides stable DC-link voltage regulation, near-unity power factor, low harmonic distortion, high
conversion efficiency, excellent dynamic performance, and superior grid compatibility, making it highly
suitable for renewable energy integration, electric vehicle fast charging, battery energy storage systems,
industrial motor drives, and smart grid applications.
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