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ABSTRACT

This thesis presents the development of a high-efficiency electric bicycle (e-bike) charger
based on a two-stage power conversion architecture. The proposed charger integrates a
Boost Power Factor Correction (PFC) converter with an LLC resonant DC-DC converter
to address the challenges of power quality, efficiency, and compactness in modern electric
mobility solutions. With the growing adoption of e-bikes as a sustainable mode of trans-
portation, the need for chargers that comply with international harmonic and power factor

standards has become increasingly important.

The front-end PFC stage is designed to shape the input current waveform, reduce harmonic
distortion, and enhance compatibility with grid infrastructure. Both continuous and critical
conduction modes are explored to optimize performance under different load conditions.
The second stage employs an LLC resonant converter, selected for its ability to achieve
soft switching, notably Zero Voltage Switching (ZVS), thereby reducing switching losses
and electromagnetic interference (EMI). A frequency modulation-based control strategy is
adopted for regulating output voltage across a wide load range while maintaining efficient

operation.

Comprehensive modeling and design of the resonant tank, transformer, and key passive
components are carried out with consideration for thermal performance and form factor.
Simulation results confirm the desired soft-switching behavior and demonstrate effective

voltage regulation.

The hardware prototype of the PFC stage is successfully implemented and validated using
current waveform analysis and frequency-domain THD evaluation. Although the LLC stage
remains to be fully integrated in hardware, the groundwork laid through simulation and

design analysis provides a reliable path forward.

This work underscores the viability of a compact, efficient, and standards-compliant e-bike
charger architecture and serves as a foundation for future enhancements in digital control,

full-stage integration, and real-world deployment in electric mobility ecosystems.
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Chapter 1

Introduction

1.1 Background and Motivation

The increasing global emphasis on sustainable transportation has accelerated the adoption of
electric bicycles (e-bikes), driven by their affordability, energy efficiency, and environmen-
tal benefits. As the demand for e-bikes grows, so does the need for efficient, compact, and
reliable charging systems that align with modern energy regulations and user expectations.
Traditional power converters, while functionally sufficient, fall short in meeting critical per-
formance metrics such as high efficiency, power factor correction, harmonic reduction, and

thermal management—especially under compact form-factor constraints [7].

One of the most significant challenges in designing e-bike chargers arises from the inherent
characteristics of battery loads. Lithium-ion batteries, which dominate the e-bike sector,
exhibit capacitive behavior that draws nonlinear, distorted current from AC sources, intro-
ducing harmonics and leading to a poor power factor [8]. This not only results in energy
losses but also imposes stress on the utility grid, causing interference and voltage distortion.

The problem is exacerbated when multiple chargers operate simultaneously in dense urban

1



CHAPTER 1. INTRODUCTION 2

charging networks.

To mitigate these issues, Power Factor Correction (PFC) has become a fundamental require-
ment in charger design. PFC circuits are designed to ensure that the input current waveform
closely follows the input voltage waveform, thereby minimizing reactive power and lower-
ing Total Harmonic Distortion (THD). Regulatory standards such as IEC 61000-3-2 enforce
strict limits on input current harmonics for electrical equipment, including battery chargers.
Failing to comply with these standards can lead to regulatory penalties, grid instability, and

inefficiencies in power delivery [9].

Among the PFC techniques, the boost converter topology is widely adopted due to its sim-
plicity, high reliability, and ability to operate over a wide input voltage range. Operating in
either Continuous Conduction Mode (CCM) or Discontinuous Conduction Mode (DCM),
the boost PFC stage ensures effective harmonic mitigation and improves the power fac-
tor to values exceeding 0.95. Despite its effectiveness, the PFC stage adds complexity to
the system, necessitating coordinated control strategies, especially when integrated with a

downstream resonant converter.

The second stage of the charger architecture typically consists of an isolated DC-DC con-
verter, responsible for voltage regulation and galvanic isolation. LLC resonant convert-
ers are particularly well-suited for this application due to their ability to operate with soft
switching (Zero Voltage Switching and Zero Current Switching), which drastically reduces
switching losses, EMI, and thermal stress on the devices. This makes LLC converters ideal
for high-frequency operation, allowing for the use of smaller passive components, improved

power density, and better thermal performance.

The motivation for this project lies at the intersection of several key challenges: designing a

2



CHAPTER 1. INTRODUCTION 3

charger that is compact yet powerful, compliant with international power quality standards,
efficient under varying load conditions, and thermally robust for long-term reliability. By
integrating a boost PFC front-end with a high-frequency LLC resonant DC-DC stage, this

work aims to develop a practical, standards-compliant charger tailored for e-bikes.

The proposed architecture also supports zero-voltage switching (ZVS) across a wide oper-
ating range, which further enhances energy efficiency and component longevity. Control
strategies for soft switching and harmonic minimization are implemented to ensure optimal

performance under both steady-state and dynamic conditions.

This comprehensive approach not only addresses current technical limitations but also an-
ticipates future trends in electric mobility and grid-connected devices, establishing a robust

foundation for scalable and sustainable e-bike charger development.

1.2 Overall Objectives

The overarching goal of this thesis is to design and implement a 120 W e-bike charger that
combines power quality, efficiency, and portability by utilizing a two-stage architecture:
a front-end Power Factor Correction (PFC) boost converter followed by an LLC resonant

DC-DC converter.

The PFC stage is incorporated to ensure that the charger draws nearly sinusoidal current
from the AC mains with a high power factor, thereby reducing total harmonic distortion
(THD) and complying with international standards (e.g., IEC 61000-3-2). This not only

improves grid compatibility but also enhances overall system efficiency.

The LLC stage, optimized for Zero Voltage Switching (ZVS), enables low-loss conversion

across a wide output voltage range while reducing EMI.

3



CHAPTER 1. INTRODUCTION 4

The project involves complete system modeling, control strategy development for soft
switching, PCB-level implementation, and experimental validation. Special emphasis is
placed on ensuring harmonic mitigation, efficient power utilization, and safe operation
across varying load conditions. The final outcome aims to deliver a compact, standards-

compliant e-bike charger suited to modern electric mobility demands.

1.3 Thesis Outline

This thesis is organized into seven chapters. The introduction outlines the motivation, ob-
jectives, and challenges in e-bike charger design. The literature survey reviews electric bi-
cycle systems and charger architectures, emphasizing DC-DC topologies. The third chapter
discusses Power Factor Correction, including boost-based methods and harmonic standards.
Chapter 4 details LLC resonant converter operation, modeling, and control strategies. Chap-
ter 5 focuses on design methodology, component selection, and hardware aspects. Chapter 6
presents simulation and experimental results, including waveform analysis and THD reduc-
tion. Finally, the conclusion summarizes the findings and outlines future work, including
LLC hardware implementation and digital control integration for a complete, standards-

compliant charger.



Chapter 2

Literature Survey

2.1 Overview of Electric Bicycle Ecosystems

Electric bicycles (e-bikes) have gained remarkable traction as a sustainable alternative to tra-
ditional transportation. The growing urban congestion, rising fuel prices, and environmental
concerns have pushed both consumers and manufacturers toward e-mobility. At the core of
e-bike performance lies the power electronics interface—specifically the battery charging
system—which must be efficient, reliable, and grid-compliant. The charging infrastruc-
ture must accommodate varying grid conditions, ensure battery longevity, and adhere to
harmonic and power factor standards [7]. The power supply chain in an e-bike charger typ-
ically involves an AC-DC front-end for rectification and power factor correction, followed

by a high-frequency isolated DC-DC stage for voltage regulation and galvanic isolation.

2.2 Architecture of a Typical E-bike Charger

A standard electric bicycle (e-bike) charger architecture typically consists of two major

stages—namely, the Power Factor Correction (PFC) stage and the isolated DC-DC conver-

5



CHAPTER 2. LITERATURE SURVEY 6

sion stage. This two-stage approach is designed to meet regulatory requirements for power
quality, ensure safe and efficient battery charging, and minimize electromagnetic interfer-

ence (EMI).

As illustrated in Fig. 2.1, the charger architecture begins with a 230 V AC grid supply,
which is initially passed through an EMI filter. This filter suppresses high-frequency noise
generated by switching devices in the charger, preventing it from propagating back into the

grid.

The PFC converter, forming the core of Stage-I, serves the dual purpose of rectifying the
AC input and shaping the input current to be sinusoidal and in phase with the input volt-
age. This not only enhances the power factor but also reduces the total harmonic distortion
(THD), enabling compliance with standards. The output of the PFC stage is a regulated

high-voltage DC signal, which acts as the input to the next stage.

Stage-II begins with a high-frequency inverter, which converts the DC output of the PFC
stage into a high-frequency AC waveform. This AC signal is passed through a high-
frequency transformer, which provides galvanic isolation between the input and output
sides while stepping down the voltage. The rectifier then converts the transformer output
back into DC, followed by a DC filter that smoothens the voltage to meet battery charging

specifications.

The final output is a well-regulated DC voltage—typically 48V in the context of e-bike
batteries—suitable for charging a Li-ion battery pack. Each stage in this architecture is
carefully optimized to ensure compactness, high efficiency, and reliable performance under

a wide range of operating conditions [10].
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Figure 2.1: Typical architecture of an electric bicycle charger.

This architecture not only supports compliance with grid-interface standards but also en-

sures safe, efficient, and fast charging of e-bike batteries, aligning with the rising demands

of electric mobility solutions.

2.3 DC-DC Converter Topologies for Charger Applica-

tions

DC-DC converters serve as the backbone of regulated power delivery in charger systems.

These converters fall under three broad categories: linear regulators, hard-switching con-

verters, and resonant (soft-switching) converters.
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DC-DC Converters

!
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Bridge

Figure 2.2: Classification of DC-DC converters.

2.3.1 Linear Regulators

Although simple and cost-effective, linear regulators suffer from significant power loss and

are unsuitable for medium- or high-power applications due to their low efficiency. They are

now largely confined to low-current auxiliary rails in charger systems.

2.3.2 Hard Switching Converters

Hard switching topologies like the buck, boost, and flyback converters are widely used in
moderate power applications. However, their inherent switching losses and EMI issues
make them less suitable for high-frequency operation and compact form factors. Among

hard-switching isolated topologies, flyback and forward converters are often employed for

low-power chargers but struggle with efficiency at higher power levels.

8



CHAPTER 2. LITERATURE SURVEY 9

2.3.3 Resonant (Soft-Switching) Converters

Soft-switching topologies such as the LLC resonant converter address many of the draw-
backs of hard-switching designs. By operating in either Zero Voltage Switching (ZVS)
or Zero Current Switching (ZCS) modes, they minimize switching losses and EMI [11].
The LLC topology is especially attractive for high-frequency, high-efficiency isolated DC-

DC conversion due to:
* Reduced switching stress on semiconductors
* High power density

» Natural voltage regulation capability through frequency modulation

2.4 Discussion

This chapter provides an overview of electric bicycle systems, emphasizing the critical role
of efficient and grid-compliant chargers. It outlines a standard e-bike charger architecture
composed of a PFC stage followed by an isolated DC-DC converter. Various DC-DC topolo-
gies are compared—Ilinear regulators, hard switching, and resonant converters. The LLC
resonant converter is identified as the most suitable for its high efficiency, soft switching,

and ability to support compact designs, making it ideal for modern e-bike applications.



Chapter 3

Power Factor Correction

3.1 Definition of Power Factor

Power Factor (PF) is a crucial metric in evaluating the efficiency and quality of electrical
power systems, particularly in applications involving power electronics and converter-based
technologies such as electric vehicle (EV) and e-bike chargers. It measures the proportion of
electrical power that is effectively converted into useful work, compared to the total power
supplied from the source [12]. Mathematically, power factor is expressed as the ratio of real

power (P) to apparent power (.5):

P
PF = —
S

For sinusoidal waveforms, this relationship can be expanded as:

Vi -1y - cos(¢)

PF =
VI

10



CHAPTER 3. POWER FACTOR CORRECTION 11

Where:

* Vi and [; are the RMS values of the fundamental components of voltage and current,

* ¢, is the phase angle between them,

* V and [ are the total RMS values of voltage and current, including harmonics.

In ideal linear systems with resistive loads, voltage and current waveforms are perfectly
sinusoidal and in phase, yielding a unity power factor (PF' = 1). However, in practical ap-
plications—particularly those utilizing switching power converters—the current waveform

often deviates from a pure sinusoid due to nonlinearities, thus reducing the power factor.

This distortion can be evaluated through the Total Harmonic Distortion (THD) of the
current [13]. In the presence of harmonics, only the fundamental portion of the current

contributes to real power transfer. This leads to the concept of the distortion power factor,

defined as:

I 1
I 1+ (THD)?

Therefore, the overall or true power factor can be written as:

1
P = ]A%THDP.m“%)

This equation demonstrates that the power factor is degraded both by phase displacement
and by current waveform distortion. In systems without proper power factor correction

mechanisms, the effective power usage is significantly compromised, leading to suboptimal

11



CHAPTER 3. POWER FACTOR CORRECTION 12

energy efficiency and potential instability in power grid operations.

3.2 Need for Power Factor Correction

The goal of Power Factor Correction (PFC) is to reduce reactive power and improve real
power usage. Without PFC, offline power supplies draw distorted currents, leading to high
harmonic distortion, poor power factor, and grid interference. Regulatory standards like
IEC 61000-3-2 limit harmonics for devices over 75 W, preserving system integrity. PFC
lowers I2R losses, eases transformer stress, and reduces capacitor sizing. It also enhances

EMI performance, system reliability, and energy efficiency [13].

3.3 Harmonic Emission Standards

Harmonic emissions are unwanted frequencies from nonlinear loads and switching in power
converters that degrade power quality and cause equipment issues. To address this, the [EC
enforces standards like IEC 61000-3-2 for devices with <16 A input per phase, limiting har-

monics up to the 39th order. For higher currents, IEC 61000-3-12 applies similar restrictions

[9].

Harmonics range (up to ~2 kHz): Targeted toward grid compatibility.

Low-frequency EMI (2-9 kHz): Currently undergoing evaluation.

Conducted EMI (9 kHz-30 MHz): Regulated by CISPR 11, 12, 14, 15.

Radiated EMI (30 MHz-3 GHz): Governed by radiated emission standards.

Compliance with these standards is essential to prevent equipment from introducing un-

due disturbances to the electrical grid. Employing effective Power Factor Correction (PFC)

12



CHAPTER 3. POWER FACTOR CORRECTION 13

techniques plays a vital role in reducing these emissions, thereby supporting system stabil-
ity, enhancing electromagnetic compatibility (EMC), and aligning with regulatory require-

ments.

3.4 Full Bridge Rectifier Harmonics

Full bridge rectifiers with large DC-side capacitors cause significant harmonic distortion
by producing non-sinusoidal input currents. Conduction occurs only at AC voltage peaks,

generating short, high-amplitude pulses that increase harmonic content.

IBR

> BR1
Vin @ ¢ * O
+
Cin=~ Rioap § Vour
. o o

Figure 3.1: Full Bridge Rectifier

Low-frequency harmonics from pulsed currents degrade power quality, increase transformer
losses, and may violate IEC standards. They can cause overheating, line losses, and system
instability. These effects are critical in high-density applications like e-bike chargers. Peak
currents also lead to poor power factor and elevated IR losses. To mitigate these issues,
active PFC is used after the rectifier to shape input current sinusoidally, improving power

factor, reducing harmonics, and enhancing system efficiency. Active PFC ensures regulatory

13



CHAPTER 3. POWER FACTOR CORRECTION 14

compliance and supports reliable, efficient power conversion [1].

ﬁ“AvAf\fAv'

0 50 100
Time (ms)

Voltage (V)

Figure 3.2: Full Bridge Rectifier Stage Waveforms. Top: Input Voltage. Middle: Output
Voltage. Bottom: Input Current. [1]

3.5 Types of Power Factor Correction (PFC)

PFC strategies can be broadly classified into two categories: Passive and Active methods.

Passive PFC approach utilize passive components such as inductors and capacitors to miti-
gate harmonics and improve the overall power factor. These systems are inherently simple,
robust, and cost-effective. However, they tend to be bulky and inefficient over wide input
voltage ranges. Passive PFC techniques are less adaptive to variations in load and sup-
ply conditions and are therefore generally suited for low-power applications with relatively

stable operating environments.

Active PFC, in contrast, leverages power electronic converters combined with sophisticated
control algorithms to dynamically shape the input current. These systems commonly em-
ploy topologies like boost, buck, or buck-boost converters. Active PFC circuits regulate

the input current to track the voltage waveform closely, often achieving power factors ap-

14



CHAPTER 3. POWER FACTOR CORRECTION 15

proaching unity. Compared to passive techniques, active PFC offers superior efficiency,

better harmonic attenuation, and adaptability across a broad input voltage range.

Among the various active configurations, the boost PFC topology is the most widely
adopted. It is especially favored in applications requiring a well-regulated high-voltage
DC output and minimal current distortion at the input. The widespread use of boost PFC
is driven by its compatibility with stringent regulatory requirements and its effectiveness in

supporting compact, high-efficiency power conversion systems.

3.6 Boost Power Factor Correction

The Boost-type Power Factor Correction (PFC) converter is one of the most prevalent
topologies employed in active PFC implementations due to its high efficiency, simplicity,
and capability to deliver a regulated output voltage greater than the input. The typical con-
figuration consists of a diode bridge rectifier at the input, followed by a high-frequency
controlled boost converter [14]. This boost stage typically comprises an inductor, a switch

(commonly a MOSFET), a diode, and an output capacitor.

[ a + +
"0 £ ox i

Figure 3.3: Boost Power Factor Correction Circuit

A notable advantage of the boost PFC topology lies in its ability to draw a continuous current

from the AC source. This continuous input current profile minimizes input current harmon-

15



CHAPTER 3. POWER FACTOR CORRECTION 16

ics and simplifies the design of the Electromagnetic Interference (EMI) filter. Moreover, the
boost converter modulates the input current to closely follow the shape of the input voltage
waveform, enabling near-unity power factor operation. The strategic placement of the in-
ductor at the input stage also plays a crucial role in smoothing the current and attenuating

the Total Harmonic Distortion (THD) [15].

This configuration is particularly suitable for medium to high-power applications. When
operated in Continuous Conduction Mode (CCM), it further reduces peak current stress on
the switching devices, leading to improved thermal performance and overall system relia-
bility. However, precise digital or analog control strategies are necessary to ensure stable
performance under varying load and line conditions. Advanced controllers are employed to
dynamically adjust the duty cycle of the switch, thereby ensuring sinusoidal input current

waveforms and compliance with international grid standards.

3.7 Conduction Modes: CCM, DCM, BCM

The operation of a boost Power Factor Correction (PFC) converter is heavily influenced by

the conduction mode of the inductor current. The three principal conduction modes are [2]:

Continuous Conduction Mode (CCM)

In CCM, the inductor current never falls to zero during the switching cycle. This results
in lower peak current levels, reduced electromagnetic interference (EMI), and enhanced
efficiency due to reduced RMS current levels. However, CCM requires a larger inductor
and encounters switching losses as it operates with hard switching. To mitigate these losses,
modern CCM designs employ advanced devices such as SiC Schottky diodes and high-

performance MOSFETs.
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Figure 3.4: Continuous Conduction Mode [2]

Discontinuous Conduction Mode (DCM)

In DCM, the inductor current drops to zero before the commencement of the next switching
cycle. This mode allows for the use of smaller inductors and facilitates soft switching, which
reduces turn-on losses. However, DCM incurs higher peak and RMS currents, leading to

increased conduction losses and EMI, making it less suitable for high-power designs.

10
Iin(9

I

0

Figure 3.5: Discontinuous Conduction Mode [2]

Boundary Conduction Mode (BCM)

Also referred to as Critical Conduction Mode (CrCM), BCM operates at the boundary be-
tween CCM and DCM. The inductor current reaches zero at the end of each switching
cycle, enabling soft switching and reduced switching losses. Nevertheless, the switching
frequency in BCM varies with input voltage and load, complicating both EMI filter and
controller design. BCM is generally more applicable for low-to-medium power levels un-

less interleaved operation is used to suppress ripple and maintain performance.
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Figure 3.6: Boundary Conduction Mode [2]

Each conduction mode presents its own set of trade-offs involving efficiency, size, control
complexity, and EMI characteristics. For high-power applications such as e-bike chargers,
CCM is often the preferred choice. This is due to its superior handling of power levels and

simplified filter requirements, despite the penalty of increased switching losses [2].

3.8 Discussion

Chapter 3 details the importance of maintaining high power factor and minimizing harmonic
distortion in grid-connected chargers. It explains power factor basics, its relation to THD,
and why standards like IEC 61000-3-2 mandate PFC in chargers exceeding 75W. The con-
trast between passive and active PFC methodologies is systematically explored, with the
Boost PFC topology identified as the most scalable and efficient approach. Furthermore,
detailed attention is given to conduction mode selection (CCM, DCM, BCM), evaluating

their implications on ripple, EMI, and efficiency in PFC design.

18



Chapter 4

LLC Resonant Converter

Inrecent decades, LLC resonant converters have gained significant traction in modern power
electronics, finding applications across distributed power systems, renewable energy infras-
tructures, and consumer electronics. Earlier resonant topologies such as the Series Resonant
Converter (SRC) and Parallel Resonant Converter (PRC) often suffered from substantial
power losses in their resonant tanks, limiting their efficiency and adaptability. To address
these limitations, researchers in the 1990s introduced advanced multi-resonant topologies,
notably the LCC and LLC resonant converters. Among these, the LLC topology has been
particularly valued for its ability to maintain operational stability across a wide range of

input voltages and load conditions [16].

A critical advantage of the LLC converter lies in its capacity for Zero Voltage Switching
(ZVS), which significantly reduces switching losses during conduction. This feature not
only improves thermal efficiency but also extends the lifespan of power semiconductor de-
vices [17]. Compared to traditional phase-shifted full-bridge converters, which are prevalent
in utility-grade systems, the LL.C topology demonstrates superior efficiency—largely due to

its inherent mitigation of reverse recovery losses in output diodes. Owing to these merits,
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LLC resonant converters are increasingly deployed in grid-tied and distributed energy sys-
tems, where both high efficiency and robust dynamic response are essential for maintaining

grid stability and power quality.

4.1 Principles of Operation

Fig. 4.1 depicts the configuration of a half-bridge LLC resonant converter, which includes
critical parameters such as the resonant frequency fj, quality factor (), and the inductance
ratio L, representing the relationship between the magnetizing inductance L,, and the res-
onant inductance L,.. As shown in Fig. 4.2, the voltage gain varies depending on load
conditions. In this topology, voltage gain is described by the ratio nV,/(V;,/2), where n is
the transformer turns ratio. The normalized switching frequency is defined as f,, = f,/ fo,

where f, is the switching frequency [18, 19].

Q |+
= :
V . L;- n:1 *

Figure 4.1: LLC resonant converter topology

At the resonant frequency, the converter exhibits a gain of unity regardless of load variations.
When f, > fp, the gain drops below 1, enabling Zero Voltage Switching (ZVS) for the
primary switches. Conversely, when f; < fj, the converter can potentially operate in Zero

Current Switching (ZCS) mode. For most practical applications using MOSFETs, ZVS
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is preferred to reduce switching losses. Notably, the gain increases above unity when the

system operates in the capacitive region where f; < fj.
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Figure 4.2: Voltage gain characteristics of LLC resonant converter [3]

Fig. 4.2 also illustrates the variation of gain with normalized frequency and different quality

factors (), demarcating the regions for ZVS and ZCS operations.

Several modes of ZVS are attainable based on the relationship between the switching fre-
quency and the resonant frequency. Fig. 4.3 shows the waveform behavior at the resonant

condition.
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Figure 4.3: Waveforms with f; = fy [4]
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During the interval between ¢, and t;, the primary switch (); conducts, and the diode D,
on the secondary side is forward-biased, conducting according to the polarity across the
transformer. Energy is transferred from the primary side to the output. The magnetizing
current 7, increases linearly due to the reflected voltage. When the resonant current 7y,

aligns with the magnetizing current, (), turns off at ;.

In the dead-time between t; and t,, both switches are off. During this interval, the magne-
tizing current discharges the output capacitance of the switches, enabling ZVS turn-on for

(@, at time t5. The complementary half-cycle then begins.

When operating at f; = fjy, the resonant tank current aligns with the peak magnetizing
current precisely at the instant the switch turns off. This ensures ideal ZVS performance for

the primary switches.

The converter’s operation under f; < fy and f; > f; is shown in Figures 4.4a and 4.4b,
respectively. In the f; < fy condition, energy transfer occurs early in the switching cycle,
1.e., during ¢, to t;, with resonance continuing between ¢; and ¢,. Here, both L,, and L,

resonate with the capacitor ., and the peak magnetizing current dictates the ZVS condition.
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Figure 4.4: Operation waveforms of LLC resonant converter [4]
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In the f; > fy scenario, the resonant current does not reach the magnetizing current level
before turn-off, resulting in a higher switch turn-off current. This can lead to increased
switching losses and diminished efficiency. The discrepancy between tank and magnetizing

current at turn-off depends on the load and the deviation of f, from f;.

Additionally, the di/dt experienced by the output diodes increases in this mode, potentially
inducing greater reverse recovery stress and voltage overshoots. Hence, operating above the

resonant frequency is generally avoided unless necessary.

When LLC resonant converters are implemented as DC/DC converters in the front-end of
power systems, they are typically designed to operate at resonance under normal conditions.
This approach ensures optimal efficiency, while variations in output voltage during low-line

conditions or hold-up time are managed by reducing the switching frequency.

4.2 Modeling of LL.C Half-Bridge Converter

4.2.1 First Harmonic Approximation

The First Harmonic Approximation (FHA) is a common method for analyzing LLC resonant
converters near their series resonant frequency. It simplifies modeling by considering only
the fundamental components of voltage and current, neglecting higher-order harmonics.
FHA treats the square wave inverter output and resonant tank current as sinusoids, enabling
closed-form expressions for gain and impedance. The equivalent circuit ignores output
capacitance and transformer secondary leakage, with all secondary parameters reflected to

the primary side for simplified analysis [20].

The equivalent circuit derived using FHA, as illustrated in Fig. 4.5, excludes the effect of

output capacitance and ignores the leakage inductance of the transformer’s secondary wind-
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ing. Additionally, all secondary-side parameters are reflected to the primary side for ease of
analysis. The resulting FHA-based circuit model serves as a single-frequency approxima-

tion that provides analytical clarity without significantly compromising accuracy [21].

Cr
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p— + R
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. 1 1
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Vsq @ vp ng §Re vsql@)i

(a) Equivalent circuit without FHA (b) Equivalent circuit with FHA

Figure 4.5: Model of LLC Resonant Half-bridge Converter

4.2.2 Parameter Estimation in the FHA Circuit Model

The fundamental component of the input square wave voltage v, (¢) is given by:

2V,
Vg (1) = be sin (27 fst) 4.1)
s
where V¢ 1s the DC link voltage.
Its RMS value is:
242V
Vi = Q (4.2)
s
The fundamental voltage on the secondary side referred to the primary is:
4V, Ny .
vp(t) = —- ﬁ: sin(27 fot — ) 4.3)
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The RMS value:
2V2V, N
Vo1 = - — 4.4
pl . N2 ( )
The average load current:
2[s m
I,="% (4.5)
T
The current i, (¢) is:
N
in(t) = 5 - Fjlo sin (27 fot — &) (4.6)
Since ¢; = ¢,, the RMS value:
s N2
Igy=——+-—F1I, 4.7
The reflected AC load resistance R, is:
8 (N’
Re=—=|—| R 4.8
S (), w
Angular switching frequency:
wg = 27 f 4.9)
Impedances:
1
XC’I” = 5 XLT = wSLT7 XLm = CUSLm (410)
wsC,

Xc,: Reactance of the resonant capacitor

X1, : Reactance of the resonant inductor

X1, Reactance of the magnetizing inductor

ws: Switching angular frequency (rad/s), i.e., ws; = 27 f;
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* (,: Resonant capacitor value

e [,: Resonant inductor value

* L,,: Magnetizing inductor value

Magnetizing current RMS:

4.11)

Resonant current:

L= /12 + 12, (4.12)

4.2.3 Voltage Gain Function

DC voltage gain:
NV,
M, =~ 4.13
g,DC NQ ng/Q ( )
AC voltage gain:
Vi Vi
Myac = o = - (4.14)
! Vie Via
Substituting:
™ Vl
Mypc = —= o 4.15
T2 Vg (19
Voltage division:
X )
o X | B (4.16)
Vi (XL, | Be) +5(X1, — Xon)
Gain:
‘ sLm R@
My = — b ).” - 4.17)
(JwsLm) || Re + jwsLy + TosC
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Simplified:
—L,,C.w?
M, = - f"sL — (4.18)
1-L,C, [1+L—ﬂ w§+][ o }
Normalized values:
Lm fs 1 Lr
Ln = y n — e — & A\ ~ 4.19
Lo "= Y“=rVe (+19)
Gain in normalized form:
L, f?
M, = T (4.20)
S (L + 1) f2 =14 4[(f2 = 1) faQe L]
Magnitude:
L, f?
M, = Ju (4.21)
VI + 1) f2 =112+ [(f2 = 1) fuQcLn]?
Final voltage relation:
Ny V;
Vo = My(fu, L, Q) - - —25 (4.22)
Ny 2

4.3 Soft Switching in LLC Resonant Converters

In power electronic systems, switching transitions affect efficiency and thermal perfor-
mance. Hard switching involves turning devices on or off with non-zero voltage and
current, leading to high losses, EMI, and device stress. Soft switching methods like Zero
Voltage Switching (ZVS) and Zero Current Switching (ZCS) minimize these effects by en-
suring transitions occur at low voltage/current levels. In LLC resonant converters, soft
switching is naturally supported by the resonant tank. ZVS is commonly implemented on
the primary switches, where the magnetizing current and tank impedance discharge the

MOSFET’s output capacitance before turn-on. This enables low-loss switching, reduced
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EMI, and better thermal behavior—especially at high frequencies. Due to their symmetrical
waveforms, LLC converters can maintain ZVS across a wide load range without complex

controls [22, 23].

A

. : Conventional(Hard) Conventional(Hard)
Voltage curve switching-ON switching-OFK
J "
¢

 §

------

Current curve Current curve

ZVS Switching ZCS Switching

>

>

Turn-on Turn-off

Figure 4.6: Current and voltage waveforms of hard-switching and soft-switching scenarios

[5]

4.3.1 Ensuring Zero Voltage Switching

To achieve Zero Voltage Switching (ZVS) in an LLC resonant converter, the energy in the
resonant inductors must be sufficient to discharge the parasitic capacitances of the power

switches before switching. This is expressed as:

m

1 1
5 (Lar + LI, ok > 5(206q)1/;i (4.23)

Here, I,, peqr 1s the magnetizing current, C,, ~ 2Cy,, and V;, is the input voltage. The

dead-time ?4.,4 must be long enough for the voltage to fall to near zero:

tdea,d 2 8CeqfswLM (424)

To preserve soft-switching, the resonant capacitor must satisfy:
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Cy > Cyy (4.25)

Failure to meet these conditions may lead to Zero Current Switching (ZCS), which, while
lossless at turn-off, increases EMI and turn-on losses due to reverse recovery. High di/dt
during these transitions stresses devices and lowers efficiency. Reliable ZVS is crucial in

high-performance LLC designs [24].

4.4 Operating Regions of the LLC Resonant Converter

The switching mode in an LLC converter—ZVS or ZCS—depends on the input impedance
of the resonant tank. When the impedance is inductive, the input current lags the voltage,
causing parasitic body diodes to conduct before switch turn-on. This ensures nearly zero
voltage across the switch, enabling ZVS. Conversely, if the impedance is capacitive, the
current leads the voltage, causing the opposite body diode to conduct. This results in hard

switching at turn-on and ZCS at turn-off [25].

g 2 .
(] Capacitive ' Inductive
Region \ Region
\

10° 10’
Normalized frequency (fn)

Figure 4.7: Voltage gain (Gain) with respect to normalized frequency (f,,) [3]
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The impedance profile in an LLC converter becomes fixed once the design and load are
set, meaning it cannot freely switch between ZVS and ZCS. Its operation is governed by
the input impedance’s imaginary part. A positive imaginary component indicates inductive

behavior, enabling ZVS. This is described by the expression for the tank’s input impedance:

_ 1 6AN*R2 L, w,

I in . s)) — SL’I‘_ 4.26
m (Zin(jes)) =wsle = o+ Tw?L2 + GANIRZ (4.26)

As the load resistance increases, the zero-crossing point of the imaginary impedance shifts,
ultimately defining the threshold angular frequency (ws = w,) at which the transition be-
tween capacitive and inductive behavior occurs. A DC characteristic curve of the LLC

converter is conventionally divided into three regions based on this behavior (see Fig. 4.7).

* Region 1 (ZCS): Characterized by capacitive impedance, where the input current
leads the voltage. This region is generally not preferred, especially when using MOS-

FETs, due to the absence of ZVS, resulting in increased losses and EMI.

* Region 2 (ZVS): Defined by inductive impedance. This region is further sub-divided
into Region 2.1 (where w; < ws < w;) and Region 2.2 (where wys > w;). In both

zones, ZVS is possible, making them ideal for MOSFET-based LLC topologies.

LLC converters, using MOSFETs in high-frequency designs, are optimized to operate in
Region 2 (inductive region) where ZVS is achievable. Operating in the capacitive region
must be avoided due to hard switching losses. At full load, ZVS is more reliable as the
reflected load dominates. However, at light loads, the magnetizing inductance limits ZVS
performance. For efficiency, the converter should be designed to operate near the reso-
nant frequency—sub-resonant for low voltage and super-resonant for high voltage—while

avoiding the capacitive region [26].
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4.5 Dead-Time Optimization

Achieving optimal performance in LLC resonant converters necessitates a careful balance
between maintaining high efficiency and ensuring adequate voltage regulation during hold-
up intervals. A critical factor influencing this performance is the appropriate selection of
dead-time (t;). To attain Zero Voltage Switching (ZVS), the magnetizing inductance L,,

must be tuned precisely. This is guided by the expression [27]:

Ts . 2fd
L, = 4.27
16C; 27

where T is the switching period, and C; denotes the equivalent junction capacitance
of the MOSFET. While this formula prescribes an optimal L,, for a given ¢4, the re-

verse—determining ¢, for a chosen L,,—requires further insight.

Increasing the dead-time permits the use of a higher L,, without compromising ZVS,
thereby reducing the magnetizing current ¢, and consequently minimizing turn-off losses.
However, longer dead-times also reduce the effective duty cycle for energy transfer, poten-

tially increasing the conduction loss due to a larger difference between iy, and ip,,.
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Figure 4.8: Operation waveforms with different dead-time ¢4 (t51 < t42) [6]
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Fig. 4.8 illustrates two operational cases with different dead-times. As ¢, increases, 7; be-
comes 1y + 2t4, effectively stretching the switching cycle. A longer 7 necessitates an
elevated ¢7,, — 71, to maintain consistent power delivery, which complicates loss optimiza-

tion.

Conversely, reducing the dead-time increases the peak magnetizing current /,,, which
heightens switching losses [28]. Hence, identifying the dead-time that minimizes both

switching and conduction losses is vital.

To satisty the ZVS criterion, the peak magnetizing current must fulfill:

2V, C;
lq

Iimp > (4.28)

Assuming the current remains constant during the dead-time interval, the peak current is

approximated by:

nV, T
Timp = TO (4.29)

where 7 is the transformer turns ratio and 7§ is the resonant half-cycle. Rearranging for L,,,

gives:

< Tp - tq
— 160,

(4.30)

Therefore, minimizing conduction losses favors a larger L,,, while ZVS constraints limit

how large it can be. The optimal L,,, aligns with:
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To - ta
L, = 4.31
16C; (4.31)

This outcome confirms the balance established by prior design strategies, emphasizing the
pivotal role of dead-time in optimizing both switching and conduction performance in LL.C

resonant converters.

4.6 Control Strategies for LLC Resonant Converters

Efficient regulation of LLC resonant converters is fundamental to ensuring stable output
voltage and current, particularly in demanding applications such as electric vehicle (EV)
chargers. These converters inherently support soft switching, facilitating operation at ele-
vated frequencies, which significantly reduces switching losses. This operational advantage
makes LLC converters particularly suitable for compact, high-efficiency systems. A number
of strategies have been developed to regulate LL.C converters effectively, each with unique

benefits and limitations [29, 30].

4.6.1 Methods for Regulating the LL.C Converter

Frequency Modulation (FM): Frequency modulation is the most common control method
for LLC converters. It involves varying the switching frequency of the primary-side MOS-
FETs to achieve the desired output voltage or current. The converter operates in different
modes depending on whether the switching frequency is below, at, or above the resonant
frequency. At resonance, output impedance is minimized, leading to maximum gain. Below

resonance, the circuit enters capacitive mode, while above resonance, it operates inductively.

Pros: Simple implementation and a wide control range.
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Cons: Nonlinear control characteristics and reduced efficiency at frequencies far from res-

onance due to high circulating currents.

Pulse-Width Modulation (PWM): In certain architectures, PWM is combined with FM
to enhance control. While FM adjusts frequency, PWM manipulates duty cycle to regulate

output.

Pros: Enhanced regulation and improved light-load performance.

Cons: Risk of disrupting resonance, introducing additional losses and complexity.

Burst Mode Control: This technique is typically deployed in low-power applications re-
quiring high efficiency. The converter switches in short bursts followed by idle periods. The

average output is regulated by controlling the length of these bursts.

Pros: Excellent light-load efficiency.

Cons: May introduce voltage ripple and audible noise due to intermittent operation.

Phase-Shift Modulation: By varying the phase between the gate signals of the switches,
this method enables finer control of output power and voltage. The power transferred is

modulated by the phase difference.

Pros: Precise control while maintaining high efficiency near resonance.

Cons: Higher design complexity and potentially reduced performance across varying loads.

Variable Resonant Tank Parameters: Advanced designs may incorporate tunable induc-
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tance or capacitance within the resonant tank, enabling real-time adjustment of converter

characteristics.

Pros: Offers adaptability and enhanced regulation across varying conditions.

Cons: Increases overall system complexity and cost.

Each control technique presents its own advantages and trade-offs. Frequency modulation
remains the preferred method due to its simplicity and effectiveness in most scenarios. How-
ever, advanced applications with dynamic conditions may benefit from a hybrid or adaptive
control strategy that combines elements from multiple techniques. The ultimate choice of
control strategy should be governed by application-specific requirements including load dy-

namics, cost considerations, and efficiency goals.

4.7 Discussion

This chapter delves into the principles and modeling of LLC resonant converters, known
for enabling soft switching (ZVS and ZCS), minimizing losses, and supporting compact
high-frequency designs. Theoretical modeling using First Harmonic Approximation (FHA)
is introduced to predict voltage gain. Operational regions based on switching frequency
are analyzed, highlighting conditions for ZVS. The importance of dead-time optimization
and various control methods (like frequency modulation) are covered to ensure stable and

efficient operation across load conditions.
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Chapter 5

Design and Simulation Results

5.1 Charger Specifications and Requirements

The charger designed in this work is specifically tailored to meet the operational and energy
demands of typical e-bikes, considering both performance metrics and real-world deploy-

ment constraints.

The primary design requirements for the charger were established based on standard battery
configurations commonly found in electric bicycles. The charger is expected to operate from
a standard 230 V AC mains input and deliver a regulated DC output suitable for lithium-ion
battery packs. The target output voltage is 48 V, which aligns with many commercially
available e-bike battery systems. Additionally, the charger is designed to support an output
power rating of 120 W, which ensures compatibility with medium-capacity battery modules

while maintaining safe thermal and electrical operation.

Given the emphasis on efficiency and miniaturization, the resonant frequency for the LLC

stage was selected to be 100 kHz. This enables the use of high-frequency switching devices
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and smaller magnetic components, thus improving power density and overall form factor.
These specifications were carefully chosen to ensure that the charger delivers stable perfor-
mance under a wide range of operating conditions while adhering to regulatory standards

on power factor and harmonic distortion.

Charger Specifications
Parameter Value
Output power 120 W
Input voltage 230V AC
Output voltage 48 V
Resonant frequency f, 100 kHz

Table 5.1: Charger Specifications

5.2 Design Methodology for LLC Resonant Converter

The design of an LLC resonant converter is a systematic process that integrates the prin-
ciples of soft-switching, frequency-controlled regulation, and high-efficiency conversion.
This section outlines the comprehensive procedure for designing an LLC resonant con-
verter, as informed by industry-standard practices and detailed in the Infineon Application

Note [31, 32].

The process begins with the definition of system specifications, including the input voltage
range (Vi Vinoorrs Vinoo o ) output voltage V., output power P, and the target reso-
nant frequency f,. These parameters are fundamental in determining the gain requirements,

which are expressed as:

M _ Vvout M o Vvout
nom 9 maxr — 9
Vitnom = 10 Vitmin = 10

Nnom Nmin

where n is the transformer turns ratio (N;/N,).
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Subsequently, the designer selects a suitable maximum quality factor @),,,., generally within
the range of 0.4 to 0.7. This factor is related to the load and impacts the resonant tank’s
bandwidth and regulation capability. The quality factor is defined as:

R 8 (N,\> V2
_ ftac ith R, ——.[(=2) .Jout
Q b 77-2 <N8> Pout

An essential design parameter is the inductance ratio m = L,,/L,, which controls the
gain profile and circulating current. A moderate value of m, typically between 4 and 8, is

recommended to balance the gain range and efficiency.

From the gain versus frequency plots, the minimum normalized switching frequency F,, .
is identified by locating the gain peak for the chosen () and m values. This frequency,
fspin = i . fr, ensures inductive operation across the full load range. It is critical to

validate that the maximum gain K., at light load satisfies:
Kma:p Z Mmam-

If not, the inductance ratio m must be adjusted accordingly.

With these parameters defined, the resonant tank elements can be calculated. The resonant

capacitor C, is derived from:
1

“ = @R PL

and the values of L, and L,,, follow from the relations:

RCLC

LT =35 _r A Lm = : Lr'
zﬂermax "

The transformer design should then be completed to ensure the target voltage ratio and
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accommodate the calculated inductances while minimizing leakage.

Next, the appropriate power stage topology must be selected. A full-bridge converter is
preferred for higher power levels due to its current handling capabilities, whereas a half-

bridge configuration is more economical and compact for lower power levels.

The final stage involves simulation and experimental validation. Through simulation, de-
signers verify Zero Voltage Switching (ZVS), gain response, and overall performance. The
hardware prototype is then fine-tuned using waveform analysis and efficiency measurements

to meet all operational and regulatory requirements.

The LLC resonant converter design methodology requires careful selection of tank param-
eters and resonant frequency in conjunction with transformer and power stage considera-
tions. This approach ensures high-efficiency, soft-switched operation suitable for demand-

ing power conversion applications.

Resonant Tank Parameters
Parameter Value
Quality factor () 0.3
Normalized resonant inductor m = [im 6.3
Transformer turns ratio N, : Ny ' 1:6.76
Leakage (resonant) inductor L, 2.48 uH
Resonant capacitor C). 0.64 uF
Magnetizing inductor L,, 13.144 ©H

Table 5.2: Resonant Tank Parameters
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5.3 Simulation Setup

The simulation environment was developed using MATLAB/Simulink to validate the behav-
ior of the boost PFC and LLC resonant converter stages prior to hardware implementation.
The models include idealized switching elements, parasitic components, and real-time load
conditions emulating a typical e-bike battery. The PFC model was configured to operate in
both Continuous and Critical Conduction Modes (CCM and CRM), while the LLC stage

was tuned to switch at a nominal frequency of 100 kHz.

LLC RESONANT CONVERTER

Figure 5.1: Simulink model for Battery Charger

5.3.1 PFC Stage Simulation Results

The boost PFC simulation demonstrated proper shaping of the input current in accordance
with the input voltage waveform. The rectified AC input was followed by a high-frequency
switching boost converter, which maintained continuous current flow through the induc-
tor. The resulting waveforms confirm that the circuit meets the current shaping objectives

necessary for effective harmonic mitigation and power factor correction.
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Figure 5.2: Rectified Input Voltage and Inductor Current

5.3.2 LLC Resonant Converter Stage Simulation Results

In the LLC stage, simulation results revealed soft-switching characteristics under nominal
load. Voltage and current waveforms at the primary side of the transformer exhibited the
expected phase relationships, validating Zero Voltage Switching (ZVS). These results affirm
that the designed converter operates in the intended inductive region, achieving efficient

energy transfer with minimal switching losses.
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Figure 5.3: Waveforms of Primary side Current and Voltage
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Chapter 6

Hardware Implementation and

Experimental Results

6.1 Component Selection Considerations

Selecting appropriate components is a fundamental aspect of designing efficient and reliable
power electronic systems. Within this thesis, attention is devoted to both the Power Factor
Correction (PFC) stage and the LLC Resonant Converter stage. Proper component selection
impacts system efficiency, electromagnetic compatibility, thermal performance, and cost.
This section outlines the design considerations and selection criteria for both the PFC and

the LLC stages.

6.1.1 Power Factor Correction Circuit

The PFC stage commonly adopts a boost converter topology owing to its simplicity, ability
to produce higher DC voltage from an AC source, and high efficiency. The effectiveness of

this stage relies heavily on the careful selection of its passive and active components [15].
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6.1.1.1 PFC Inductor

The inductor, also referred to as the PFC choke, governs current shaping and energy buffer-
ing. Its selection is based on peak current capacity, core losses, and thermal stability. In
Continuous Conduction Mode (CCM), the inductance tends to be higher to sustain continu-
ous current, while Discontinuous Conduction Mode (DCM) allows smaller inductors. Core
materials such as ferrite are often selected for their low loss characteristics. Toroidal geome-

tries offer economical solutions, whereas bobbin-wound inductors can simplify assembly.

6.1.1.2 PFC Diode

The diode used in the boost PFC circuit must handle high voltages and fast switching.
Reverse recovery characteristics are critical in reducing switching losses and EMI. Selection

must account for reverse voltage ratings, peak current capacity, and forward voltage drop.

6.1.1.3 PFC Switch

Typically implemented using MOSFETS, the switch is chosen based on its breakdown volt-
age, current rating, Rpgs(on), and gate charge. Low Rpg(.n) reduces conduction losses,
while a lower gate charge enables faster transitions and reduced dynamic power dissipation.

Trade-offs between cost and performance are evaluated depending on system constraints.

6.1.2 LLC Resonant Converter Circuit

Component selection in the LLC stage is driven by resonance behavior, soft-switching re-
quirements, and power density goals. Major elements include the resonant transformer,

resonant inductor, resonant capacitor, and switching devices.
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6.1.2.1 Resonant Transformer

The transformer ensures galvanic isolation and contributes to the resonant network. Its
design should precede inductor and capacitor selection due to its impact on magnetizing
inductance (L,,). High-frequency operation prioritizes low core losses, and core selection
aims to minimize flux density. Magnetizing inductance is controlled via turns ratio and
air gap. Toroidal or planar transformers are often used for their compactness and thermal

performance.

6.1.2.2 Resonant Inductor

If not integrated within the transformer, the resonant inductor must independently accom-
modate the resonant tank current. It is designed with sufficient air gap to manage flux
density without saturation. As it handles the full tank current, larger gaps are often required

compared to transformers.

6.1.2.3 Resonant Capacitor

Capacitor selection focuses on its ability to handle peak voltage and RMS current. Due
to voltage amplification during resonance, capacitors must be derated accordingly. Film
capacitors or MLCCs (Multi-Layer Ceramic Capacitors) are favored due to their low ESR
and temperature stability. Often, a capacitor bank is employed rather than a single unit to

meet both voltage and current requirements.

These design considerations ensure that the LLC converter maintains soft switching, mini-
mizes losses, and achieves stable operation across a wide load and line range. Together with
the PFC stage, component selection defines the overall efficacy and robustness of the e-bike

charger system.
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6.1.2.4 MOSFET Selection Criteria

The selection of MOSFETsSs plays a pivotal role in determining the performance and effi-
ciency of both the PFC and LLC stages. Key parameters influencing the choice include
drain-to-source breakdown voltage (V)ps), on-state resistance (R2ps(on)), gate charge (Q,),
and switching speed. For high-frequency applications, such as LLC resonant converters, low
()4 and minimal R pg(on) are essential to reduce both switching and conduction losses. Ade-
quate voltage margin above the peak drain voltage is necessary to ensure reliable operation
under transient conditions. Thermal resistance and package type also influence heat dissi-
pation, which becomes critical in compact designs. In resonant topologies, achieving Zero
Voltage Switching (ZVS) relaxes some constraints on switching loss, allowing trade-offs
favoring lower conduction loss. Devices with optimized body diode performance are pre-
ferred to mitigate reverse recovery losses, especially in soft-switching environments. The
final selection must strike a balance between electrical performance, thermal limits, cost,
and PCB layout constraints to meet the stringent efficiency and size requirements of e-bike

chargers [33].

6.2 Hardware Implementation of PFC Stage

A laboratory-scale prototype of the boost PFC circuit was fabricated and tested under vary-
ing input and load conditions. The experimental setup included a diode bridge rectifier
followed by a boost inductor, ultrafast diode, and high-frequency MOSFET. A LEM cur-
rent transducer was employed to accurately measure the input current. This sensor offered
galvanic isolation and was capable of capturing dynamic changes in current with high pre-
cision. For voltage measurement, TI TLO82 IC was used to scale down the high rectified

input voltage to a level suitable for analog-to-digital conversion. These voltages were then

45



CHAPTER 6. HARDWARE IMPLEMENTATION AND EXPERIMENTAL RESULTS46

fed into a Texas Instruments LAUNCHXL-F28379D development board, which houses the

TMS320F28379D DSP.

This DSP system utilized its onboard ADC modules to sense both the input current and
scaled voltage in real time. Based on this data, the controller generated corresponding
PWM signals to regulate the MOSFET switch in the boost converter. This closed-loop
implementation enabled precise control of the input current waveform, facilitating effective

PFC and reducing harmonic distortion.

To assess power quality, the input current waveforms and their associated Total Harmonic
Distortion (THD) levels were analyzed using the FFT functionality of a digital oscilloscope.
The experiment was carried out under three different configurations to highlight the progres-
sive improvements achieved at each stage. Fig 6.1 shows the hardware setup of boost power

factor correction circuit in lab.

Figure 6.1: Hardware setup of PFC circuit in Lab
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6.3 Hardware Results with THD Analysis

To comprehensively evaluate the impact of power factor correction (PFC) strategies and
validate simulation findings, a series of hardware experiments were conducted using a pro-
totype charger system. The analysis focused on the input current waveform characteristics
and the corresponding Total Harmonic Distortion (THD), measured using the FFT feature
of a digital oscilloscope. The evaluation was performed for three distinct configurations
to illustrate the progressive improvement in power quality: (a) a basic diode bridge with
capacitive filter, (b) a boost PFC operating in Critical Conduction Mode (CRM), and (c) a

boost PFC operating in Continuous Conduction Mode (CCM).

6.3.1 Current Waveform: Diode Bridge with Capacitor Filter

RIGOL ™D H soom

Figure 6.2: Experimental Results: Current waveform of Diode Bridge

The first test used the most elementary AC-DC conversion method: a full-wave diode bridge
followed by a bulk capacitor. This topology, while cost-effective and simple to implement,
suffers from fundamental limitations in terms of power quality. The capacitor charges only
during the peaks of the AC input voltage, resulting in narrow, high-amplitude current pulses.

These pulses contain significant harmonic components, particularly in the lower orders (3rd,
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Sth, 7th), which contribute to electromagnetic interference (EMI) and cause substantial re-

active power flow.
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Figure 6.3: THD analysis of Diode Bridge Rectifier

Measured THD for this setup was found to be approximately 84.85%, indicating a highly
distorted current waveform. From a standards compliance perspective, this level of distor-
tion is well above the limits set by IEC 61000-3-2 Class C requirements for battery-powered
devices. Furthermore, the non-sinusoidal current draw introduces voltage dips and line dis-

tortion when multiple chargers operate on the same feeder, posing a threat to grid stability.
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6.3.2 Current Waveform: Boost PFC in Critical Conduction Mode
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Figure 6.4: Experimental Results: Critical Conduction Mode

To address the shortcomings of passive filtering, a boost converter configured to operate
in Critical Conduction Mode was integrated after the rectifier. In CRM, the switch turns
on immediately after the inductor current reaches zero, minimizing switching losses and
eliminating reverse recovery stress on the diode. While simpler to implement than CCM and
inherently efficient at light loads, CRM produces a current waveform that, though improved,
still exhibits discontinuities.
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Figure 6.5: THD analysis of Critical Conduction Mode
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Experimental results demonstrated a significant improvement in harmonic profile. The input
current waveform became wider and more sinusoidal, with a measured THD reduced to
29.41%. The waveform closely followed the voltage envelope, improving the power factor
and reducing stress on both upstream and downstream components. This setup illustrates
how active control, even with modest complexity, can result in meaningful gains in power

quality.

6.3.3 Current Waveform: Boost PFC in Continuous Conduction Mode

(CCM)

Figure 6.6: Experimental Results: Continuous Conduction Mode

The most refined test setup used a boost converter operating in Continuous Conduction
Mode, in which the inductor current never falls to zero. This mode is preferred in high-
power or high-performance designs due to its ability to deliver a nearly ideal current wave-
form. The continuous inductor current minimizes ripple, and the switch transitions are

smoother, reducing both EMI and switching stress.
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Figure 6.7: THD analysis of Continuous Conduction Mode

The hardware implementation yielded a THD of 13.4%, marking a substantial reduction
from previous configurations. The input current waveform was nearly sinusoidal and main-
tained a close phase alignment with the voltage waveform, indicating a near-unity power
factor. This setup fully complies with IEC standards and provides excellent performance
across a range of load conditions. Moreover, the low harmonic content reduces the size and

cost of input filters and contributes to overall converter efficiency and thermal stability.

6.4 Discussion

The comparative study of the three configurations highlights the critical role of active PFC
in meeting modern electrical standards and achieving high-performance energy conversion.
While a passive diode-capacitor network is inadequate for any serious application beyond
the hobbyist level, even a basic CRM implementation can yield substantial improvements
in waveform quality. However, it is the CCM operation that emerges as the most viable

solution for commercial and industrial-grade e-bike chargers.

Beyond compliance, the smoother current waveform in CCM reduces the RMS and peak
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current stresses on components, extending their lifespan and enabling thermal optimization.
These experimental findings validate the simulation assumptions and support the broader
system-level strategy of integrating a CCM-based PFC stage with an LLC resonant converter

for efficient, reliable, and standards-compliant charging.
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Chapter 7

Conclusion and Further Work

7.1 Conclusions

This thesis presented the design, simulation, and partial hardware implementation of a high-
efficiency, two-stage charger for electric bicycle applications. The system architecture com-
prises a boost Power Factor Correction (PFC) stage followed by an LLC resonant converter
stage, aimed at achieving superior power quality, energy efficiency, and compliance with

modern grid standards.

The boost PFC stage was simulated and experimentally validated in both Continuous Con-
duction Mode (CCM) and Critical Conduction Mode (CRM). Hardware implementation
confirmed the converter’s ability to improve power factor and reduce Total Harmonic Distor-
tion (THD), with measurements showing THD reductions from 84.85% in the diode-bridge
configuration to 13.4% in CCM. These results validate the efficacy of the active PFC circuit

in shaping the input current and minimizing harmonic content.

The LLC resonant converter, forming the second stage, was fully modeled and simulated to
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confirm key performance features such as soft-switching operation (Zero Voltage Switch-

ing) and resonant behavior. Simulation results supported its suitability for high-frequency,

high-efficiency DC-DC conversion.

Together, the simulation and experimental results substantiate the core design proposition: a

hybrid PFC-LLC architecture is a viable solution for compact and efficient e-bike chargers.

7.2

Further Works

While significant milestones were achieved in the design and validation of the PFC stage,

several avenues remain open for further research and development:

Hardware Implementation of the LLC Stage: Completion of the LLC converter’s
hardware design, including the resonant tank and transformer, is essential to fully

validate the two-stage architecture.

Component Optimization: Selection and testing of magnetic components (planar or

wound) for improved thermal handling and power density in the LLC stage.

Digital Control Integration: Deployment of closed-loop digital control strategies on

the F28379D DSP for output voltage regulation and adaptive soft-switching.

System Integration: Full integration of PFC and LLC stages to create a complete

and functional e-bike charger system.

Thermal and EMI Testing: Extensive analysis of thermal behavior and electromag-

netic interference under varying load conditions.

Packaging and Productization: Design and development of a compact mechanical

enclosure suitable for field deployment.
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Pursuing these goals will elevate the project from a functional prototype to a production-

ready solution, aligned with global trends in sustainable mobility and smart grid technolo-

gies.
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