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 ABSTRACT 

 

This work presents the modelling and design of two different EV Chargers. The proposed 

EV chargers consists of two-stage power conversion. Initially, DBR (Diode Bridge Rectifier) is 

connected for AC-DC Conversion which is followed by LC Filter to damp out the third order 

harmonics. The first stage consists of Power factor correction circuit using various DC-DC 

converters like boost, buck and buck-boost derived converter and the second stage consist of 

DC-DC stage for providing isolation of the grid and the charging port. Total research is done 

into two sections as mentioned below. 

The first section consists of power factor correction using SI-SEPIC Converter cascaded 

with Flyback converter. It comprises of two stage EV Charger where initial stage consists of SI-

SEPIC converter, which inherently provides the power factor correction of the EV charger at the 

source, and the later consists of Flyback converter. Collective combination of these two 

converters for the EV charger results for the operation of converter at reduced duty ratio resulting 

which efficiency of the converter is increased. This work mainly focuses on designing the 

components of the converter and power factor correction using PWM and SPWM controller 

techniques in MATLAB environment. The SEPIC Converter has a disadvantage of having more 

ripple in the output current so, modified Zeta converter is used which provides better dynamic 

response in DCM and it also provides less ripple in the output current. 

The second section comprises of power factor correction using modified zeta converter 

cascaded with HB-LLC Resonant Converter. The Modified Zeta Converter operates in 

Discontinuous Conduction mode (DCM) and LLC Resonant Converter is used to transfer the 

DC-Link power to the battery. Collective combination of these two converters for the EV charger 

results in smooth operation, reduced voltage stress across the PFC devices and Modified 

efficiency of the converters. This work mainly focuses on designing the components of the 

converter and comparison of the Modified and Conventional Zeta Converter fed HB-LLC 

Resonant Converter in MATLAB/Simulink environment. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of Project 

In current scenario, electric vehicle is gaining more popularity as they do not produce 

hazardous carbon emission [1]. In addition, the price of fuel is increasing every day, which lead 

people to adopt Electric Vehicle. EVs have several advantages over conventional vehicles as 

fuel is reserved which causes the reduction in air pollution [2]. There are three levels of EV 

Charging which includes Level 1, Level 2 and Level 3 Charging respectively. The final Level 

of charging which is the Level 3 is further classified into Supercharging and DC Fast Charging. 

Each level is characterised by its speed of charging the electric vehicle which is different at 

each level. So, at higher charging levels speed of charging increases and the provided power is 

also increased [3]. 

Battery charger is an important component of the electric vehicle, which not only 

affects the life of the battery but it also affects the performance of all the electrical apparatus 

which are connected to the grid which may result a polluted electrical supply at the grid. For 

this reason, a reliable EV charger must be constructed which should operate at unity power 

factor and low input current distortion [4]. Line current should exactly follow line voltage, line 

power factor should be unity, and line current THD should be less than 5%, according to IEC 

61000-3-2 which is shown in Table I and IEEE 519 standards. [5].  

TABLE I.  IEC 61000-3-2 MAXIMUM PERMISSIBLE HARMONIC CURRENTS FOR CLASS D 

EQUIPMENT [6] 

n (harmonics order) 3 5 7 9 11 13 15 to 19 

Max In (harmonics 

Current in Amp) 

2.3 1.14 0.77 0.40 0.33 0.21 0.15 – 0.15/n 

 

An off-board EV charger must have better Power Quality (PQ) characteristics in 

addition to a small form factor and high-power density, so that energy utilisation density is 

maximised during charging. However, the line THD (Total Harmonic Distortion) of traditional 

EV chargers is in the range of 50-70% having Full Bridge Rectifiers at the front end [7]. In this 

type of EV charging, highly distorted current is drawn from the AC mains. As a result, losses 
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in traditional EV chargers are quite high, and different Power Quality indices such as power 

factor (PF), displacement power factor (DPF), and total harmonic distortion (THD) are 

extremely low. Also, the requirement of reactive power rises significantly, low power factor 

results in depreciation for the availability of active power from the utility grid whereas a rise 

in harmonic content is the outcome. High harmonic distortion in the line produces EMI issues 

and cross-interferences across all the different components connected to the same grid via the 

line impedance. [8].  

The conventional EV charger without power factor correction increases the content of 

harmonic into the supply current which results in poor input power quality (PQ) indices such 

as PF (Power Factor), DPF (displacement power factor) and CF (crest factor). The power factor 

value lies between 0 and 1 for lagging load, but to have significant PQ indices it should be near 

to unity i.e. 0.95-0.99 or 1. For lagging load, When the load power demand is reactive (for 

inductive load) the value of true PF is 0 as active power demand becomes zero.  

Displacement Power Factor represents the power factor which occurs because of phase 

difference between input current and input voltage at fundamental line frequency. The value of 

true PF is considered with respect to harmonic current whereas DPF is taken into account at 

fundamental frequency. The value of PF and DPF is same for sinusoidal current having less 

distortion in its waveform and the value becomes unity. Therefore, to overcome the problem 

of PQ indices and to improve the converter efficiency, a front-end Power Factor Correction 

converter is designed to meet the requirements of EV charger for this reason, single stage and 

double stage EV charger comes into literature. 

 

AC Q1 C2 Q2C1

AC Grid 

Voltage

AC-DC Stage(PFC) DC-DC Stage (Isolation)

BatteryDBR
DC-Link 

Capacitor
LC Filter Switch Switch

HFT
AC-DC 

Conversion  

Fig.1.1 A General Structure of two-stage on-board EV Charger 

The conventional Electric Vehicle charger consists of Diode Bridge Rectifier (DBR) 

for AC-DC conversion. Due to the presence of DBR, these chargers suffer from several Power 

Quality issues i.e. it draws non-sinusoidal and peaky current from the mains, resulting in a very 
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large amount of THD which badly affects the life of distributed transformer and various other 

elements, that are present in the charger [9]. Due to the bad effects of harmonics and large 

amount of THD present in the line, the addition of UPF (Unity Power Factor) based converter 

is required between the DBR and the DC-Link Capacitor. The charger added can be either a 

single-stage or double-stage EV charger based on the requirements.  

As Diode Bridge Rectifier (DBR) is present at the input stage for AC-DC conversion, 

several problems are observed such as, 

a. It draws peak input current from the mains 

b. Produces high level of harmonics 

c. Poor Input power factor  

d. High THD   

e. Increase in harmonic content into the supply 

To mitigate these problems, PFC is essential for every AC-DC Converter. A General 

structure for PFC in an onboard EV Charger is shown in Fig 1.1 where for PFC different 

converters are used such as boost converter, buck converter, buck-boost converter, SEPIC 

converter, Cuk converter, Zeta converter etc. PFC is necessary to reduce the harmonics, 

improve the THD and power factor of the converter, effective utilization of active power which 

makes the grid more stable [10] 

1.2 Importance of Power Factor 

Nowadays, due to the modernization and electrification in the industries, the power 

quality requirements have been increased drastically among people. All the electronic gadgets 

such as computers, mobile phones, laptops etc have basic requirement of power quality. If the 

power quality is bad, then these electronic devices will not work adequately. Power factor is 

one of the most significant factors for power quality which directly impacts the PQ (Power 

Quality) [11] and effective utilization of active power. 

When the power factor is poor, it has various negative impacts on the grid such as 

waveform distortion, large phase distortion between current and voltage and increased losses 

on the line which in turn reduces the service time of the power devices. AC-DC conversion 

circuit is also known as rectifier circuit which is used to convert alternating current to direct 

current and these circuits are widely used in the industries nowadays in various stages of power 

conversion. One of the applications of rectifier circuit is UPS (Uninterrupted Power Supply) 

[12]. Rectifier circuit acts as an interface between grid and power electronics devices, by 
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providing regulated DC power supply, it supplies good quality power for power electronics 

devices in the subsequent stages for power conversion. 

Switching devices are widely used in different power conversion devices due to the 

large application of power electronic devices into the power industry. Because of the presence 

of switching devices, the device efficiency can be improved effectively but several problems 

like harmonics and low power factor are subsequently introduced which are considered as PQ 

issues. To mitigate such PQ issues i.e. elimination of harmonics and improvement in the power 

factor, power factor correction is being utilised effectively [13]. 

1.3 Disadvantage due to the presence of harmonic current in the grid 

Due to the presence of harmonic component of current phase shift between current and 

voltage increases, thus power factor becomes poor. The impulse shaped waveform of input 

current contains a numerous number of odd ordered harmonic components of current which 

pollutes the grid [14]. Harmonics in the electric power system are present because of the 

presence of non-linear electric loads such as rectifiers. The current will be produced at different 

frequency levels rather from its original, i.e. fundamental frequency. Following are the 

disadvantages due to the presence of harmonic current component into the power grid: 

1. When the harmonic current passes through the load, the phase difference between 

voltage and current is increased resulting which it distorts the effective voltage of 

the power grid, causing overvoltage and overcurrent into the grid. This is also 

known as “secondary effect” of the harmonic current. 

2. Due to the presence of harmonic current components, losses will be more in the 

circuit and thereby decreasing the efficiency of equipment. 

3. Abnormal operation of Power devices such as capacitors, transformers and electric 

motors, relay protection, automatic devices and computer system will be observed 

due to the presence of harmonic current component. 

4. Improper calibration and measurement of quantities from the measuring 

instruments will be observed. 

1.4 Power Factor Correction of two stage EV Charger 

To overcome above disadvantages and to minimize the presence of harmonic 

components, also to improve the PQ indices present on AC mains, an additional Power Factor 

Correction stage is added in conventional EV charger. The addition of PFC stage improves the 

efficiency of charger on the cost of increase in the cost and size of the charger. 
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A single stage and double stage charger are used for the power factor correction. 

Generally, a double-staged AC-DC converter is chosen for improved Power Quality-based EV 

chargers as it offers the advantage for the low value of DC-Link capacitor, high reliability and 

reduced voltage stress across PFC device.  

Single-stage PFC converter have high value of voltage stress and current stress across 

the PFC device, due to this reason it is generally not used [15]. A general configuration of two-

stage EV charger is shown in Fig 1.2.    

AC Q1 C2 Q2C1

AC Grid 

Voltage

AC-DC Stage(PFC) DC-DC Stage (Isolation)

BATTERY
Intermediate 

DC Link 

Capacitor

CONTROLLER

DBR
LC Filter

Switch Switch
HFT

AC-DC 

Conversion

 

Fig. 1.2 A General Structure of two-stage on-board EV Charger 

The high-performance BEV (Battery Electric Vehicle) charger circuit includes, DBR 

for AC-DC Conversion, but it injects a huge amount of harmonic current into the circuit which 

affects the efficiency and the performance of the charger. To mitigate the adverse effects of 

DBR, LC filter is connected which reduces the amount of third order harmonics in the charger. 

The LC Filter is followed by a Power Factor Correction (PFC) circuit at the front end.  

The PFC circuit at the front end is used to obtain high power factor and reduce the 

harmonic current injected into the grid. Then it is cascaded with DC-DC converter with 

isolation from the main grid. It will provide higher efficiency, high power density and 

economical PFC based AC-DC Converter [16]. HFT (High Frequency Transformer) is used to 

provide isolation between the grid and the charging port. 

Various DC-DC converters that are used for providing isolation are Flyback Converter, 

Forward Converter, Push-Pull Converter, Half-Bridge LLC Resonant Converter and Full-

Bridge LLC Resonant Converter [17]. Then Battery is connected for charging the electric 

vehicle. Various ratings of battery can be connected for charging the EV, in this work 48 V and 

100 Ah battery is used for charging the BEV. 
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1.5 Main Objective of Research 

The main objective of this work includes: 

1. Design and Modelling of the EV Charger. The EV Charger consists of two stages. 

First stage consists of DC-DC converter used for power factor correction and the later 

stage consist of DC-DC converter for providing isolation between main grid and 

charging port. Initially, we learn to compute various converter parameters and 

implement the model of EV charger. 

2. Modes of Operation of EV Charger. In this work we will see the operation of converter 

in three different modes of operation with its applicability. 

3. Control of EV Charger. After designing various components, we will learn about the 

control methods of EV charger with different controller techniques for controlling 

various parameters and increasing the efficiency of the chargers which will be discussed 

in the later chapters.  

4. MATLAB-Simulink Implementation. With the help of design parameters that are 

calculated using the design equations and the control strategy of the EV Charger, the 

implementation of converter is done on MATLAB-Simulink environment and results 

obtained are discussed.  

1.6 Outline of dissertation  

The dissertation consists of the following chapters: 

Chapter 1: In this chapter the importance of power factor correction for electric vehicle 

along with the problems arises due to the presence of DBR in the charger is discussed. Also, 

various methods are observed to mitigate the PQ issues present in the grid. 

Chapter 2: This chapter includes the literature survey of the project “Power Factor 

Correction of DC-DC Converter for EV Battery Charging Applications”. This chapter gives 

the basic understanding of various DC-DC Converters which are used for power factor 

correction along with their advantages and disadvantages. 

Chapter 3: This chapter presents the first work which includes “Power Factor 

Correction of SI-SEPIC converter cascaded with Fly back Converter for EV Battery Charging 

Application”. It includes the modelling and design of the proposed EV charger along with the 

control of EV charger using PWM and SPWM controller techniques.                           

Chapter 4: This chapter presents second work which includes “Power Factor 

Correction of Modified Zeta Converter Fed with Half Bridge-LLC Resonant Converter for EV 
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Charging Applications”. In this chapter a comparison between conventional and modified Zeta 

converter is also discussed along with the design and modelling of Modified Zeta Converter 

and its control using dual loop controller technique. 

Chapter 5: In this chapter, the MATLAB-Simulink Model of both the EV Chargers 

are presented and the results are discussed. 

Chapter 6: This chapter summarizes the results obtained through the MATLAB-

Simulink Model of the Proposed Converter and also acknowledge the future work that can be 

done. 
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CHAPTER 2 

        LITERATURE REVIEW 

 

2.1 Introduction 

In this chapter, various DC-DC Converters that are being used for providing PFC 

(Power Factor Correction) are reviewed along with a comparison table which shows the 

advantages and disadvantages of various DC-DC converter present in literature. Also, Research 

papers related to Power Factor Correction of DC-DC converter for Electric Vehicle charging 

applications are discussed. 

2.2 Overview of Various DC-DC Converters 

Various DC-DC converters can be used for PFC converters like buck converter, boost 

converter, buck-boost converter, Cuk converter, zeta converter etc and DC-DC converter for 

isolation stage like Flyback converter, Forward converter, Push-Pull converter, half and full 

bridge converter etc. Every converter has its own advantage and disadvantages like buck and 

boost converter have discontinuous input and output current respectively, high input voltage 

ripple and high electric stress across the device but it requires lesser number of components so 

the cost of converter is reduced [18]-[19]. In Buck-Boost configuration [20], output voltage is 

negative and input voltage ripple is more. 

Another converter is Cuk converter [21], the output voltage is inverting but continuous 

and reduced current flows at input and output terminals. Some demerits of this topology include 

increased number of passive components, large size of inductors and higher electrical stress 

across the PFC device. In SEPIC converter [22], the polarity of output voltage is same as input 

voltage and the voltage stress is less as compared to Cuk converter, but the input inductor and 

output capacitor are large in size and also the output current is discontinuous. Among all these 

configurations, Zeta converter provides good voltage regulations, better dynamic response in 

DCM, positive output voltage and less ripple in output voltage [23].  

The DC-DC converter for isolation stage includes Flyback converter which is used for 

isolated conversion. It is simple to design with lesser cost. In flyback converter [24], high 

voltage can be obtained at the output but voltage stress across the devices is high and has lower 

efficiency.  
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Another one is Forward converter [25], where one of the switches is replaced by a diode 

which causes the reduction in cost of the converter. Push-Pull converter is used in high power 

application but it has a demerit that its duty ratio cannot be exceeded more than 50% [26]. 

   The demerits of conventional buck-boost PFC converters include [27]:  

a) Increased size of magnetic components due to higher current and voltage 

ratings.  

b) Increased voltage stress across switch during operations.  

c) high parasitic losses due to operation of conventional converter at higher 

duty ratio.  

To overcome these disadvantages high gain PFC converters are used. Table II shows 

various DC-DC converters with the relation between the output and input voltage along with 

advantages and disadvantages. 

TABLE II.  COMPARISION OF VARIOUS DC-DC CONVERTERS [28] 

CONVERTER OUTPUT ADVANTAGE DIS-ADVANTAGES 

Buck 𝑉𝑜 = 𝑉𝑠 ∗ 𝐷 
Lesser number of 

components 

Discontinuous input 

current, high input 

voltage ripple, high stress 

across device. 

Boost 𝑉𝑜 =
𝑉𝑠

1 − 𝐷
 

Lesser number of 

components 

Discontinuous output 

current, high ripple in 

input voltage, high stress 

across device. 

Buck-Boost 𝑉𝑜 =
𝑉𝑠 ∗ 𝐷

1 − 𝐷
 

Lesser number of 

components 

High ripple in input 

voltage, high stress 

across device, negative 

output voltage 

Cuk 𝑉𝑜 =
𝑉𝑠 ∗ 𝐷

1 − 𝐷
 

Continuous current 

present at input and 

output, reduction in 

input and output 

current. 

Large number of passive 

components, large 

inductor size, high stress 

across device, inverting 

output voltage. 
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SEPIC 𝑉𝑜 =
𝑉𝑠 ∗ 𝐷

1 − 𝐷
 

Voltage stress is less 

than cuk converter 

Large input inductor and 

large output capacitor, 

discontinuous output 

current. 

Zeta 𝑉𝑜 =
𝑉𝑠 ∗ 𝐷

1 − 𝐷
 

Output current ripple 

is less 

Large input inductor and 

large output capacitor, 

output current is 

discontinuous. 

Luo 𝑉𝑜 =
𝑉𝑠 ∗ 𝐷

1 − 𝐷
 

Output current ripple 

is less 

Large input inductor and 

large output capacitor, 

output current is 

discontinuous. 

 

Flyback 
𝑉𝑜 = 𝑉𝑠

𝐷

1 − 𝐷
(

𝑁𝑠

𝑁𝑝
) 

Simple and 

inexpensive, high 

voltage can be 

obtained easily. 

High voltage stress and 

lower efficiency 

Forward 𝑉𝑜 = 𝑉𝑠𝐷(
𝑁𝑠

𝑁𝑝
) Cost is less  

Push-Pull 𝑉𝑜 = 2𝑉𝑠𝐷(
𝑁𝑠

𝑁𝑝
) 

Used in high power 

application 

Duty ratio cannot be 

more than 50% 

Half-Bridge 𝑉𝑜 = 𝑉𝑠𝐷(
𝑁𝑠

𝑁𝑝
) 

Fewer component, 

lower cost, simple 

control 

High electric stress, 

discontinuous output 

current 

Full-Bridge 𝑉𝑜 = 2𝑉𝑠𝐷(
𝑁𝑠

𝑁𝑝
) 

Lower electrical 

stress, high 

conversion ratio and 

power level. 

More components are 

present, control is 

complex, higher cost. 

 

* Vo = Output Voltage 

* Vs = Input Voltage 

* D = Duty Ratio 

* Ns and Np = Secondary and Primary turns ratio of high frequency transformer for providing 

isolation respectively 
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2.3 Overview of Power Factor Corrected DC-DC Converter in Literature 

A survey of comparison of various topologies which are used for front-end PFC 

Converter are reported in [29]. All the EV Chargers are designed based on on-board and off-

board charger configurations. Various on-board EV charger configurations with single-stage 

are discussed in [30]-[31]. But on-board EV Chargers have the disadvantage of heavy vehicle 

weight and charging at high power ratings is not possible, which makes off-board EV charger 

configurations to be more promising. 

For providing built in PFC in EV Chargers, the conventional boost converter fed with 

DBR is the foremost choice but it has various disadvantage like, at high power ratings, boost 

converter involves some severe problems like degradation in efficiency, increased bridge 

losses, increased size of inductor [32]. For buck converter, discontinuous input current, high 

input voltage ripple, high electric stress across the device are present. So, buck and boost 

converters are not preferred for providing good power factor correction as the duty cycle is 

restricted and the quality of wave shaping becomes poor. 

The buck-boost configuration provides the advantage of stepping up and stepping down 

the wide range of input voltage. For providing high efficiency and increased power density, the 

full bridge LLC (Inductor-Inductor-Capacitor) Resonant converter appears to be a good 

solution. But due to the presence of four driver circuit, the cost of the converter is increased 

and the complexity of the topology also increases. An LLC Resonant converter-based EV 

Charger also provides the additional advantage of low EMI (Electromagnetic Interference) 

noise along with improved efficiency and increased power density over wide range of input 

voltage. Hence, EV Chargers need some specific topology of converters for providing reliable 

charging applications [33]. 

All the buck-boost derived topologies such as Cuk, Zeta, SEPIC etc are more attractive 

solution for providing power factor correction due to the availability of wide range of duty 

cycle, with or without the presence of isolating transformer. SEPIC converter has the ability to 

improve thermal utilization of switches as the conduction losses are less. It also has less input 

current ripple and provides better efficiency at low level of input voltage. Also, the switch 

voltage stress is less in SEPIC converters. Zeta converter provides better dynamic response in 

discontinuous conduction mode (DCM) [34]. It also provides good voltage regulation, less 

ripple in output current and positive output voltage. Also, the voltage stress across the devices 

is quiet low in case of Zeta converter as compared to SEPIC converter. 
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In this research, a detailed discussion is done on power factor correction using SI 

(Switched Inductor)-SEPIC converter cascaded with flyback converter which works on lower 

duty ratio, provides better efficiency, reduces the THD, reduce the third order harmonics and 

reduces the voltage stress across the power factor correction devices. Also, power factor 

correction using Modified Zeta converter fed with HB-LLC (Half Bridge-Inductor Inductor 

Capacitor) Resonant Converter is discussed in detail, which improves the efficiency of EV 

charger, reduces the third order harmonics, reduces the Total Harmonic Distortion (THD), 

improves the power factor and reduces the voltage stress across the devices. Also, the modified 

Zeta converter is compared with the conventional Zeta converter and the obtained results are 

discussed in detail. 

2.4 Active Power Factor Correction 

For a linear circuit,  𝑐𝑜𝑠𝜑  is used to express the power factor, where 𝜑 is the phase 

difference between the sinusoidal voltage and sinusoidal current. In rectifier circuit diode is 

non-linear, despite the fact that the input voltage is sinusoidal, the rectified current has a non-

sinusoidal shape to it. So, finally it was found that power factor calculation is invalid for AC-

DC converter.  

The ratio of active power to perceived power is known as the power factor. So, its 

formula can be written as: 

𝑃𝐹 =
𝑃

𝑉 ∗ 𝐼
                                     (2.1) 

were, PF=Power Factor, P= Active Power 

 

Vs Cf
Vin  Iin

wt

Iin

Vin  

D1 D2

D3 D4

+

-

 

Fig 2.1 Rectifier Circuit for AC-DC Conversion and its Input Voltage and Current 

waveforms 



                                               

13 
 

 

  The rms voltage and current are represented by V and I respectively in the above 

motioned equation. If the input voltage Vi (where the rms value is V) is sinusoidal but the input 

current is not, the rms of current is as follows: 

𝐼 = √𝐼1
2 + 𝐼2

2 + ⋯ + 𝐼𝑁
2 +. .                   (2.2) 

In this equation, I1, I2, ..., In are respectively the fundamental component, second 

harmonic, …, and Nth harmonic. 

The power factor definition used in linear systems is no longer available in switching 

power systems due to the input current's severe distortion and phase change. We suppose that 

I1 is behind Vi in terms of phase angle α, as indicated in the diagram below: 

Vi    

I1 

wt

Vi  

I1 

a 

 

Fig 2.2 Waveforms of Input Voltage (Vi) and Fundamental Component of Current (I1) 

𝑃 = 𝑉𝐼 cos 𝛼                                       (2.3) 

where, the angle between input voltage Vi and fundamental component of current I1 is 

the phase difference and is denoted by 𝛼. The power factor is calculated as, 

𝑃𝐹 =
𝑉𝐼1 cos 𝛼

𝑉𝐼
=

𝐼1 cos 𝛼

𝐼
               (2.4) 

The ratio of fundamental component of current to the rms current is calculated as, 

𝐼1

𝐼
=

𝐼1

√𝐼1
2 + 𝐼2

2 + ⋯ + 𝐼𝑁
2 +. .

             (2.5) 

where, I1, I2, ..., In are rms value of the fundamental component, second harmonic, …, 

and Nth harmonic. The equation above describes the relative magnitude of the fundamental 

current, which is called distortion factor. And cosα is called displacement factor, and the power 

factor equals the distortion factor times the displacement factor.  

When α=0, then power factor is given as: 

𝑃𝐹 =
𝐼1

𝐼
                                                 (2.6) 
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Total harmonic distortion (THD) is defined as the measure of harmonic content in the 

signal [34]. The amplitude of harmonic content in a current signal is characterized as THD and 

is calculated as, 

𝑇𝐻𝐷 =
𝐼ℎ

𝐼1
= √

(𝐼1
2 + 𝐼2

2 + ⋯ + 𝐼𝑁
2 +. . )

𝐼1
2          (2.7) 

where, Ih is the rms value of all the harmonic component of current. THD considers all 

the fundamental frequency present on the line. It can be related to either current harmonic or 

voltage harmonics. 

The equation of distortion factor is calculated as: 

𝐼1

𝐼
=

1

√1 + 𝑇𝐻𝐷2
                                              (2.8) 

And when 𝛼 = 0, 

𝑃𝐹 =
𝐼1

𝐼
=

1

√1 + 𝑇𝐻𝐷2
                                   (2.9) 

Equation 2.9 gives the relationship between the power factor (PF) and Total Harmonic 

Distortion (THD), it will help us to find the THD and PF of proposed DC-DC Converter. From 

the equation it is clear that THD and PF are inversely proportional to each other which means 

lower THD, results in improved power factor, which leads to lower peak currents and 

increasing the efficiency. 

2.5 Conclusion 

The literature review is done for the power factor correction stage in EV Charger is 

presented in this chapter in the relevant area for work presented in “Power Factor Correction 

of DC-DC Converter for EV Battery Charging Applications” in detail. The literature review is 

carried out to analyse all the different DC-DC converters topologies which are used for 

providing power factor correction along with their advantages and disadvantages. Among all 

the converters, SEPIC converter provides the advantage of less input current ripple and provide 

better efficiency at low level of input voltage. Also, the switch voltage stress is less in SEPIC 

converters. In discontinuous conduction mode (DCM), the ZETA converter provides a better 

dynamic response. It also improves the voltage regulation and lowers the ripple in output 

current. In the next chapters, design for the power factor correction using SEPIC and Zeta 

Converters are discussed. 
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CHAPTER 3 

DESIGN AND SIMULATION OF SI-SEPIC 

CONVERTER CASCADED WITH FLYBACK 

CONVERTER 

 

 

3.1 Introduction 

In this chapter, Power Factor Correction of SI-SEPIC Converter cascaded with Flyback 

converter for EV Battery charging applications is presented. Initially, there will be a 

comparison between the traditional SEPIC converters and SI-SEPIC converters. Along with 

this the modeling and the three modes of operations of the proposed SI-SEPIC converter 

cascaded with Flyback converter will be discussed. The charger operates is Discontinuous 

Conduction Mode. Also, various parameters of the converter are calculated and the controller 

of the charger is designed using PWM and SPWM controller techniques. 

3.2 Modeling of SI-SEPIC Converter cascaded with Flyback Converter 

Due to the addition of an intermediate capacitor, the SEPIC converter does not have 

inrush current issues, and the regulated DC link voltage is not affected by the AC voltage peak, 

unlike boost converters. In discontinuous conduction mode (DCM), the control algorithm of 

the SEPIC converter and bridgeless SEPIC converter for inductor current is completed. 

Although it simplifies the PFC control technique, it has large input current peaks, which leads 

to overdesigned input filters. [35-36]. As a result, these converters can only be used for low-

power applications. [37-38] investigates several variants of SEPIC converters and digital 

control of such converters; nevertheless, the component count is larger, resulting in increased 

cost and complexity. 

The traditional SEPIC converter has step-up and step-down capabilities with positive 

voltage polarity [39]. A lower current ripple is obtained at the converter's input, as a high 

current ripple will distort the supply current, affecting the converter's performance. The sum of 

the input voltage and the DC-link voltage is the voltage across the device in the SEPIC 

converter [40]-[42]. Fig 3.1 represents the EV battery charger with conventional SEPIC 

converter. This configuration suffers from high voltage stress and less efficiency as compared 
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to high gain SEPIC converters [43]. To reduce the voltage stress across the device, the PFC 

converter is operated at lower input voltage with same DC-Link voltage and same power rating.  

As a result, to reduce voltage stress across the devices, the standard SEPIC converter is 

substituted with a high step-up gain converter. We may be able to get the same DC-Link voltage 

with a lower input voltage due to the decreased duty cycle of these high step-up gain converters. 

[44]. Using a connected inductor is another technique to reduce voltage stress across the device. 

However, despite the inductor's simple design, voltage spikes develop across the devices when 

employing linked inductors. 

A number of single stage single switch topologies based on integrated SEPIC with LLC 

converter, flyback converter, and valley fill circuit that are useful for EV chargers are discussed 

in the literature [45–46]. However, through the PFC device, all of these single-stage solutions 

are subjected to significant voltage and current stress. As a result, two-stage EV chargers are 

becoming increasingly common in order to ensure high dependability and low switch voltage 

stress on front-end PFC converter devices using high gain PFC converters. 

 

Vs Cf

DBR FILTER

Lf

is

+

-

Si

Cs

Sf

Cch Vch

Conventional SEPIC Converter
Flyback Converter

Df

Co

Do

Lo

Li

Io
Ich

 

Fig 3.1 EV battery charger with conventional SEPIC Converter cascaded with Flyback 

converter 

This work presents a two-stage EV charger with Switched Inductor (SI)-SEPIC 

converter cascaded with Flyback Converter for providing high-frequency isolation as shown in 

Fig 3.2, with reduced Duty Ratio (D) operation, providing lesser voltage stress across the 

switch. The converter consists of switched inductors 𝐿𝑚 and 𝐿𝑎 at stage-I along with two 

switches Sm and Sa with auxiliary components like 𝐶𝑎 and 𝐷𝑜𝑎, used to provide high gain to 

the converter. The main advantage of operating at reduced duty ratio is that efficiency of the 
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converter is improved as compared to conventional battery charger [47]-[48]; also, it provides 

the viability to increase the range of EV charger. 

The advantages of the proposed converter over conventional SEPIC converter are: 

1. The gain in voltage of SI-SEPIC converter is calculated as, 

𝐺𝑎𝑖𝑛 =
(3𝐷 + 1)

(1 − 𝐷)
 

            where, D is the duty ratio of the proposed converter. 

2. Reduced voltage stress across the PFC device. 

3. Lower voltage stress leads to increase in voltage blocking capability of the 

switch, also reduces the on-state resistance. 

4. High gain converter. 

5. Efficiency of converter is improved. 

6. Simple control topology. 
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Fig 3.2 Proposed EV battery charger with SI-SEPIC Converter cascaded with flyback 

converter 

Both the converters are designed to operate in Discontinuous Conduction Mode 

(DCM), to achieve zero voltage and zero current switching. A 220V AC is used at the source 

voltage then this AC voltage is converted to DC by connecting a DBR. A constant DC voltage 
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of 300V is achieved at the output of SI-SEPIC converter, this voltage is provided as the input 

of flyback converter and a voltage of 65V and 11A current is achieved across the battery at a 

power rating of 700W. The flyback converter is operated in CC-CV regions. The SI-SEPIC 

converter is operated using PWM and SPWM voltage control techniques individually; results 

of both of the controllers are compared. Simultaneously voltage stress across the devices is 

reduced and power factor is corrected. 

3.3 Modes of Operations of Proposed SI-SEPIC Converter 

The converter consists of switched inductors 𝐿𝑚 and 𝐿𝑎 at stage-I along with two 

switches Sm and Sa with auxiliary components like 𝐶𝑎 and 𝐷𝑜𝑎, used to provide high gain to 

the converter. The inductance 𝐿𝑜 is designed for DCM operation. Different modes of this 

converter are explained below: 

MODE 1: Both the switches 𝑆𝑚 and 𝑆𝑎 are turned on simultaneously, Fig 3.3(a). The current 

through the inductance 𝐿𝑚 and 𝐿𝑎 starts increasing linearly as in Fig 3.4. Both of the diodes 

i.e. 𝐷𝑜𝑎 and 𝐷𝑜𝑛 remains reverse bias in this mode. Capacitors 𝐶𝑎 and 𝐶𝑠  starts to discharge in 

this mode through 𝑆𝑚 and 𝑆𝑎. 

In this topology we are considering 𝐿𝑚=𝐿𝑎=L, using this expression we can calculate 

the expressions of voltage across switched inductors (𝑉𝐿𝑚, 𝑉𝐿𝑎) and inductor voltage (𝑉𝐿𝑜): 

𝑉𝐿𝑚 = 𝑉𝐿𝑎 = 𝑉𝑠𝑚 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
                               (3.1) 

𝑉𝐿𝑜 = 𝐿𝑜
𝑑𝑖𝐿𝑜

𝑑𝑡
 =𝑉𝑐𝑎+𝑉𝑠𝑚-𝑉𝑐𝑠                                (3.2) 

where, Vsm is the peak input voltage and iL is current through inductor Lm and La.  

MODE 2: Both the switches Sm and Sa are turned off simultaneously, Fig 3.3(b). The stored 

energy in inductor Lm and La is given to load via diode Don and capacitor Cs. The auxiliary 

diode Da is used to transfer the energy to the auxiliary capacitor Ca. The energy, which was 

present in LO, is released through the diode Don. The expressions of voltage across Lm, La and 

Lo is: 

𝑉𝐿𝑚 = 𝑉𝐿𝑎 =
𝑉𝑠𝑚 + 𝑉𝑐𝑠 − 𝑉0

2
= 𝐿

𝑑𝑖𝐿

𝑑𝑡
                                        (3.3) 

𝑉𝑜 = 𝐿𝑜

𝑑𝑖𝐿𝑜

𝑑𝑡
= −𝑉𝑐𝑠                                                                       (3.4) 

where, Vo is the output voltage of SI-SEPIC converter across the Co DC-link capacitor.  
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Fig 3.3 Modes of Operation of SI-SEPIC converter cascaded with Flyback converter. 

(a) Mode-1, (b) Mode-2, (c) Mode-3 

MODE 3: Both the diodes Don and Doa and the switches Sm and Sa remains turned off, thus 

this mode is called freewheeling period or DCM period, Fig 3.3(c). The current through the 

diodes Doa and Don is zero since both of them are non-conducting in this region, therefore 
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current iLm, iLa and iLo freewheels through the path shown. Using KVL in the closed path, the 

expressions of voltage is: 

𝑉𝐿𝑚 + 𝑉𝐿𝑎 + 𝑉𝑐𝑎 = 𝑉𝑠𝑚 + 𝑉𝑐𝑠 + 𝑉𝐿𝑜                                             (3.5)   

Voltages VLm, VLa and VLo are considered zero during the steady state. Therefore, 

equation (3.5) becomes, 

𝑉𝑐𝑎 = 𝑉𝑠𝑚 + 𝑉𝑐𝑠                                                                                (3.6) 

The input and output voltage over one switching cycle is: 

1

𝑇𝑠
(∫  

𝐷𝑇𝑠

0

𝑉𝑠𝑚𝑑𝑡 + ∫  
𝑇𝑠

𝐷𝑇𝑠

𝑉𝑠𝑚 − 𝑉𝑜 + 𝑉𝑐𝑠

2
𝑑𝑡) = 0                        (3.7) 

1

𝑇𝑠
(∫  

𝐷𝑇𝑠

0

(𝑉𝑠𝑚 + 𝑉𝑐𝑎 − 𝑉𝑐𝑠)𝑑𝑡 + ∫  
𝑇𝑠

𝐷𝑇𝑠

− 𝑉𝑐𝑠𝑑𝑡) = 0                 (3.8) 

Sm, Sa ON Sm, Sa OFFVg

iLm,a

iLo

iDom,a

Igm,a

Vo

Vsf

Sm, Sa ON

t1to t2 t3

t (time)  

Fig 3.4 Switching waveforms of SI-SEPIC Converter cascaded with Flyback converter 

The voltage across capacitors Ca and Cs can be calculated by using the equations (3.5), 

(3.6), (3.7) and (3.8) 

𝑉𝑐𝑠 =
2𝐷

1 − 𝐷
𝑉𝑠𝑚                                          (3.9) 

𝑉𝑐𝑎 =
3𝐷 + 1

1 − 𝐷
𝑉𝑠𝑚                                      (3.10) 
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Using above equations, the voltage gain across the SI-SEPIC converter is given as: 

𝑀𝐻 =
𝑉𝑂

𝑉𝑠𝑚
=

3𝐷 + 1

1 − 𝐷
                                (3.11)  

From equation (3.11) shows that the voltage gain of the proposed SI-SEPIC converter 

is greater than the conventional SEPIC converter. 

The flyback converter operates in constant current and constant voltage regions to 

facilitate the battery current. The magnetizing inductance is designed for DCM operation. The 

output current is provided to the battery by the capacitor Cch. The operation of flyback converter 

can be explained as follows: 

In Mode 1, the switch Sf is turned ON. During this mode the energy is stored in the 

inductance Lf, as the magnetizing current rises linearly. The diode Df is in OFF state which 

means there is no transfer of energy between primary and secondary.  

In Mode 2, Sf is turned OFF. The voltage across the primary reduces and positive 

voltage is applied to diode Df, making it forward biased. 

In Mode 3, both the switch and the diode are in OFF state and the converter operates 

in DCM. During this instant, the energy stored in Lm is completely reduced and the battery 

current is facilitated through the output capacitor Cch. 

3.4 Design Considerations of SI-SEPIC Converter 

The instantaneous source voltage is, 

𝑉𝑠(𝑡) = 𝑉𝑠√2sin(2πft)                         (3.12) 

where, Vs is the source voltage which is taken to be 220V and f is the supply frequency. 

Using equation (3.11), the relation between DC Voltage Vo and peak input voltage Vsm can be 

given as, 

𝑉𝑜 =
3𝐷 + 1

1 − 𝐷
 𝑉𝑠𝑚                                        (3.13) 

The Duty Ratio of the proposed converter is, 

𝐷 =
𝑉𝑜 − 𝑉𝑠𝑚

𝑉𝑜 + 3𝑉𝑠𝑚
                                            (3.14) 

The above equation shows that the value of D (duty ratio) of this converter is less as 

compared to the conventional SEPIC converter 

𝐷 =
𝑉𝑜 − 𝑉𝑠𝑚

𝑉𝑜 + 𝑉𝑠𝑚
                                                (3.15) 

which reduces the conduction losses of the converter and improves the efficiency. 

The switching inductances Lm and La can be calculated using the equation, 
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𝐿𝑚 = 𝐿𝑎 =
𝑉𝑠𝑚𝐷

𝜎𝑖𝐿𝑚𝑓𝑠
                                                             (3.16)                     

where, 𝜎 is the permissible ripple in input current and fs is the switching frequency SI-SEPIC 

converter.  

The value of transfer capacitor Cs and auxiliary capacitor Ca are considered same and can be 

calculated from the equation given below, 

𝐶𝑠 = 𝐶𝑎 =
𝑃𝑖

𝜌√2𝑉𝑠𝑚𝑓𝑠(√2𝑉𝑠𝑚 + 𝑉𝑜)
              (3.17)  

where, Pi is the input Power and 𝜌 is the permissible ripple in voltage. The inductance Lo in 

DCM can be expressed as, 

𝐿𝑜 = (
𝑉𝑠𝑚

2

𝑃𝑖
)

1

𝑓𝑠

𝑉𝑜 − 𝑉𝑠𝑚

𝑉𝑜 + 3𝑉𝑠𝑚
                                (3.18) 

The value of output capacitor 𝐶𝑜 is designed in such a way that the battery current remains 

uniform at the output. The expression of 𝐶𝑜 is, 

𝐶𝑜 =
𝐼𝑜

2𝜔∆𝑉𝑜
                                                          (3.19) 

where, ∆ is the permissible voltage ripple in output and 𝜔 is angular frequency of supply 

voltage. The rating of the battery is taken to be 48V, 100 Ah and to provide CC-CV charging 

the output of the flyback converter is controlled at 65V. The transformation ratio of the Flyback 

converter is taken to be 1:3. The relation between 𝑉𝑜, Duty cycle 𝐶𝑜  and Vch can be given as, 

𝑉𝑐ℎ =
𝑛𝐷𝑜

1 − 𝐷𝑜
𝑉𝑜                                                        (3.20) 

where, 𝑉𝑐ℎ is the output voltage of charger and 𝑉𝑜 is the output voltage of SI-SEPIC 

converter, acts as the input of Flyback converter. The capacitor 𝐶𝑐ℎ is used to provide rated 

output voltage in CC-CV mode and value of this capacitor is given as, 

𝐶𝑐ℎ =
𝐷𝑜𝑉𝑐ℎ

𝑓𝑠𝑤 (
𝑉𝑐ℎ

2

𝑃𝑖
) ∆휀𝑉𝑐ℎ

                                               (3.21) 

The magnetising inductance is given as, 

𝐿𝑚𝑔 ≤
(𝑉𝑜𝐷𝑜)2

2𝑉𝑐ℎ𝐼𝑐ℎ𝑓𝑠𝑤
                                                      (3.22) 

LC filter is used after DBR to limit the reflection of high frequency harmonics and 

thereby reducing the THD of input current. The design equation of filter capacitance is, 

𝐶𝑓𝑚𝑎𝑥 =
𝐼𝑚

𝜔𝑉𝑚
tan 휃                                                     (3.23) 
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where, 휃 is the angle of displacement between the measured source current and 

fundamental component of supply voltage. fc is defined as filter cut off frequency which chosen 

to be 1/10th of switching frequency for eliminating higher order switching harmonics. The 

expression of filter inductance is given as, 

𝐿𝑓 =
1

4𝜋2𝑓𝑐
2𝐶𝑓

                                                                (3.24) 

Table III shows the parameters of the proposed converter used for the design of converter. 

TABLE III.  SPECIFICATIONS OF PROPOSED CONVERTER 

S.No. SPECIFICATIONS VALUES 

1. Supply Voltage (Vs) 220V 

2. Output Voltage (SI-SEPIC) 300V 

3. Output Current (SI-SEPIC) 2A 

4. Switching Frequency (SI-SEPIC) 20kHz 

5. Output Power (SI-SEPIC) 600W 

6. Input Voltage (Flyback) 300V 

7. Output Voltage (Flyback) 65V 

8. Output Current (Flyback) 11A 

9. Switching Frequency (Flyback) 50kHz 

10. Battery Rating 48V, 100Ah 

11. Ripple Current in Lm (𝜎) 10% 

12. Ripple Voltage across Cs (𝜌) 10% 

13. Ripple Voltage across Co (∆) 3% 

14. Ripple Voltage across Cch (휀) 0.1% 

15. Input Inductance (Lm, La) 0.16mH 

16. Transfer Capacitance (Cs) 5𝜇𝐹 

17. Auxiliary Capacitance (Ca) 5𝜇𝐹 

18 Output Inductance (Lo) 3.57𝜇𝐻 

19. Filter Capacitance (Cf) 900𝜇𝐹 

20. Filter Inductance (Lf) 1mH 

21. DC-Link Capacitance (Co) 250𝜇𝐹 

22. Magnetic Inductance (Lmg) 240𝜇𝐻 

23. Output Capacitance (Cch) 1000𝜇𝐹 
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3.5 CONTROL OF EV CHARGER 

The control methodology of proposed EV charger can be explained in two stages: 

(a) Control of SI-SEPIC converter  

(b) Control of Flyback converter.  

      3.5.1 Control of SI-SEPIC converter 

The multi-loop control is used for the control of SI-SEPIC converter. For the generation 

of reference source current and switching signals (Gs) the outer and inner PI controller is used 

respectively. Initially, Voltage error signal is generated on comparing Vdc with Vdc_ref as, 

𝑉𝑜𝑒(𝑘) = 𝑉𝑑𝑐𝑟𝑒𝑓
(𝑘) − 𝑉𝑑𝑐(𝑘)                                          (3.25) 
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Fig 3.5 Controller design of SI-SEPIC converter 

The outer voltage loop is used to control DC Link voltage of SI-SEPIC converter and 

the inner current loop control is used to control the output current of SI-SEPIC Converter. The 

DC-Link voltage (𝑉𝑑𝑐) is compared with the reference voltage (𝑉𝑑𝑐_𝑟𝑒𝑓) to generate error in 

voltage (𝑉𝑒) and is provided to PI-Voltage Controller.  

This voltage error signal is multiplied with the source voltage, Vsm to generate the 

reference source current. Both, reference source current and source current are then compared 

and the generated current error is given to PI controller. The PI Controller is used to control 

the current. The output of PI based current controller is compared with saw-tooth carrier 

waveform to generate the switching pulsed which are given to switches 𝑆𝑚, 𝑆𝑎 of the SI-SEPIC 

Converter. Fig 3.5 represents the control methodology of SI-SEPIC converter by the help of 

dual loop controller technique. 
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3.5.2 Control of Flyback converter 
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Fig 3.6 Controller design of flyback converter 

The controller of flyback converter consists of cascaded PI controller. PI controlled 

current and voltage signals are utilised to provide CC-CV charging. During CC charging, the 

battery current Ich and reference battery current 𝐼𝑐ℎ
∗  are compared and an error signal Iche is 

generated,  

𝐼𝑐ℎ𝑒(𝑘) = 𝐼𝑐ℎ
∗ (𝑘) − 𝐼𝑐ℎ(𝑘)                                                (3.26) 

During CV charging, the current PI controller remains inactive. The sensed battery 

voltage (Vch) and reference battery voltage (𝑉𝑐ℎ
∗ ) are compared and an error signal (Vche) is 

generated, 

𝑉𝑐ℎ𝑒(𝑘) = 𝑉𝑐ℎ
∗ (𝑘) − 𝑉𝑐ℎ(𝑘)                                            (3.27) 

The output of PI controller is then obtained after processing through the voltage 

controller. Fig 3.6 represents the controller design of flyback converter. 
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Fig 3.7 Battery Charger profile in CC-CV mode 
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Fig 3.7 shows battery charger profile in CC-CV mode in Flyback converter. It shows 

the conventional charging profile of a typical Li-ion battery employing the constant current 

(CC) and constant voltage (CV) with respect to charging time line. The charger switches to CV 

mode when the battery voltage reaches a pre-set level. This mechanism is normally applied to 

charge different kinds of batteries. For this converter, in constant current region, the battery 

voltage increases and the current remains constant i.e. 10.83 A. Similarly, in CV region, battery 

voltage remains constant i.e. 65 V and the current starts decreasing till it reaches zero. 

3.6 Conclusion 

In this chapter, the Power Factor Correction of SI-SEPIC Converter cascaded with 

Flyback converter for EV Battery charging applications is studied. Initially modelling and 

modes of operations were discussed. Also, the parameters of the converter are calculated and 

the controller of the charger is designed using PWM and SPWM controller techniques. The 

SEPIC Converter has a disadvantage of having more ripple in the output current, which will be 

seen in chapter 5. So, we will discuss about modified Zeta converter in the next chapter which 

provides better dynamic response in DCM and it also provides less ripple in the output current. 
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CHAPTER 4 

DESIGN AND SIMULATION OF MODIFIED ZETA 

CONVERTER FED WITH LLC RESONANT CONVERTER 

 

 

4.1 Introduction 

In this chapter the power factor correction using modified zeta converter cascaded with 

HB-LLC Resonant converter is discussed. Initially, a comparison is made between 

conventional Zeta converter and modified Zeta converter and the advantages and applications 

of modified zeta converter are shown. Along with this, the modelling and the modes of 

operations of modified zeta converter cascaded with HB-LLC Resonant converter will be 

learnt. The design equations are calculated for proper operation of Zeta converter. The 

controller of the Modified Zeta converter is designed using dual loop controller and the 

controller of HB-LLC Resonant converter is designed using PFM (Pulse Frequency 

Modulator). 

4.2 Modeling of Modified Zeta Converter cascaded with HB-LLC Resonant Converter 

The dynamic response of Zeta converter is better than Cuk and SEPIC Converter in 

discontinuous Conduction Mode (DCM). It also provides good voltage regulation and low 

ripple in output current. All these advantages make the Zeta converter more appealing for 

providing improve power quality operation of BEV (Battery Electric Vehicle) based charger. 

But at higher power rating and in Discontinuous Conduction Mode, the stress in voltage across 

the device is quiet high in Zeta converter, which is equal to (Vs= Vin + Vdc, where Vdc is the 

DC-Link voltage of Zeta converter and Vin is the input side voltage of the converter). Several 

topologies come into literature for providing less voltage stress, one among them is by 

providing soft-switching techniques [49], but it adds more resonance components in the 

converter. Many switch voltage reduction techniques are present in literature using high gain 

converters [50]- [51]. All the mentioned high gain converters provide rated DC-Link voltage 

at duty ratio less than the conventional converter. With the help of such high gain converters 

voltage stress is lowered up to some extent but due to the presence of additional switches, 

diodes, capacitors and inductors, the power density of the converter is compromised [52].  
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Therefore, without using additional inductor and capacitor this work presents modified 

non- isolated Zeta converter fed with half bridge LLC Resonant converter with reduced voltage 

stress for improving the Power Quality indices of the EV charger. The modification in Zeta 

converter is achieved by providing some changes in the input side of the converter, which 

reduces voltage across the PFC devices at input side of the converter. By using this charger 

smaller devices are used at the power factor correction stage of the charger which reduces the 

losses across the device and provides improved efficiency as compared with charger based on 

Zeta converter in the literature. 

The configuration of charger with Conventional and Modified Zeta converter is shown 

in Fig 4.1 and Fig 4.2 respectively.  The Modified zeta converter is analogous to normal 

conventional zeta converter except for the addition of two clamping diodes (𝐷5, 𝐷6) which are 

being added at the input and one switch 𝑆2. By the help of clamping diodes, the voltage stress 

across the devices by clamping the voltage across the switches at input voltage Vin, which is 

half as compared with conventional Zeta Converter (Vin + Vdc). This reduces the losses across 

the device and improves converter efficiency. The value of DC-Link voltage is maintained at 

300V by the help of input inductor (Li), output inductor (Lo) and series capacitor (Ci). 

The main application of this work includes: 

1. A unique technique is adopted to increase the efficiency of the battery charger by 

operating near the resonance frequency.  

2. This configuration is suitable for a wide range of battery voltage ranging from 48V-

80V.  

3. This battery charger has the ability to perform at universal AC mains supply (170V-

300V). 

4. The voltage stress at peak across devices in the modified zeta converter is less (𝑉𝑠1 =

𝑉𝑠2 = 𝑉𝑖𝑛) in comparison with the conventional Zeta converter (𝑉𝑠1,𝑠2 = 𝑉𝑖𝑛 + 𝑉𝑑𝑐) 

because of the use of clamping diodes (𝐷5, 𝐷6). 

This configuration is being used as it reduces the voltage stress due to the presence of 

two switches at the input voltage, which is 1 2⁄ (ℎ𝑎𝑙𝑓) as compared to Conventional converter. 

The DC link voltage is maintained at 300V. The modified non-isolated zeta converter is then 

followed by HB-LLC Resonant converter. Both Zeta and HB-LLC Resonant Converters 

operate in DCM, which reduces the diode reverse recovery time and provides zero current 

switching (ZCS). 
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Fig. 4.1 Battery Charger with Conventional Zeta Converter fed LLC Resonant Converter 
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Fig. 4.2 Battery Charger with Modified non-isolated Zeta Converter fed LLC Resonant 

Converter 

There are various advantages of the Modified Zeta Converter which includes: 

a. The peak voltage stress across the modified zeta converter is (𝑉𝑠1 = 𝑉𝑠2 = 𝑉𝑖𝑛) whereas 

conventional Zeta converter voltage stress is given as (𝑉𝑠1,𝑠2 = 𝑉𝑖𝑛 + 𝑉𝑑𝑐) , it implies 

that the voltage stress across the device in modified Zeta converter is half in comparison 
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with conventional Zeta Converter and this is because of the use of clamping diodes 

(𝐷5, 𝐷6). 

b. This charger works on wide range of input AC voltage. 

c. The efficiency of battery charger is high. For off-board charger, minimum distortions 

will be there on the grid which will lead to grid stability and installation of multiple 

chargers on the single station can be done easily. For on-board charger, the possibility 

to pollute the grid will be minimum and the charger is easy to plug in. 

d. Input current Harmonics are less 

e. THD is improved 

4.3 Modes of Operations of Modified Zeta converter  

The operating principle of Modified zeta converter is explained below. Fig 4.3 shows 

the operating waveforms and Fig 4.4 (a)-(c) shows various modes of operations of front-end 

Modified Zeta Converter cascaded with HB-LLC Resonant Converter, which can be explained 

as: 

DT (1-D)TVS1,2

IL1

ILo

Vci

Ici

IDo

Vdc

MODE I MODE II MODE III

DCM

del(iLo)

del(Vci)

del(Vdc)

t (time)
 

Fig. 4.3 Operating waveforms of Modified Zeta Converter fed half bridge LLC Resonant 

Converter 
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(c) Mode III 

Fig. 4.4 Modes of Operations of Modified Zeta Converter fed HB-LLC Resonant Converter, 

(a) Mode-I Operation, (b) Mode-II Operation, (c) Mode-III Operation.  

Mode-I:  In this mode, gating signals are provided to both switches 𝑆1 𝑎𝑛𝑑 𝑆2. As it 

can be seen in Fig 4.3 and 4.4 (a), the inductance Li starts charging from supply as shown in 

the waveforms. Since the inductance Lo starts to store the energy, the voltage of the transfer 
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capacitance Ci
 began to reduce. At this instant, the diode Do does not conduct as it will be 

reverse biased. 

Mode-II: Both switches 𝑆1, 𝑆2 are turned OFF i.e., both switches are in OFF state. The 

clamping diodes 𝐷5 and 𝐷6 and 𝐷𝑜 (Output Diode) are forward biased as given in Fig 4.3 and 

Fig 4.4 (b). During this period, inductance Li starts discharging via the diodes 𝐷5 and 𝐷6. 

Transfer capacitance Ci starts charging by making 𝐷𝑜 as forward biased. The output inductance 

Lo supplies to the next stage by the help of diode Do and the DC-Link capacitor Cdc. 

Mode-III: In this mode, switches 𝑆1, 𝑆2 and the clamping diodes (𝐷5, 𝐷6) remains OFF. 

The Zeta converter enters in DCM mode, also known as Freewheeling period and can be 

observed in Fig 4.3 and Fig 4.4 (c). The current starts flowing from inductance Li and Lo in 

such a way that the diode current (Ido) is reduced to zero which can be observed in the 

waveforms of ILi, ILo and Ido shown in the Fig 4.3. The capacitance C1 (transfer capacitance) 

helps to provide sufficient energy to the load by the help of inductance Lo and DC-Link 

Capacitance Cdc. 

The peak voltage stress across the device (switches or diodes) is, 

𝑉𝑠1 = 𝑉𝑠2 = 𝑉𝑖𝑛                             (4.1) 

whereas, conventional Zeta converter voltage stress is given as 

𝑉𝑠1,𝑠2 = 𝑉𝑖𝑛 + 𝑉𝑑𝑐                           (4.2) 

It implies that the voltage stress of the modified Zeta converter is half as compared to 

conventional Zeta Converter and this is because of the use of clamping diodes (𝐷5, 𝐷6). 

4.4 DESIGN CONSIDERATIONS OF MODIFIED ZETA CONVERTER  

The design of the Modified Zeta with HB-LLC Converter is shown in this section. The 

voltage across DC-Link of modified zeta converter is maintained at 300V and LLC Resonant 

output voltage is controlled at 65V. The design considerations can be divided into two sections: 

4.4.1 Design of Modified Zeta Converter 

The instantaneous duty cycle of Modified Zeta converter is calculated as, 

𝐷(𝑡) =
𝑉𝑑𝑐

𝑣𝑖(𝑡) + 𝑉𝑑𝑐
=

𝑉𝑑𝑐

𝑣𝑠√2 + 𝑉𝑑𝑐

= 0.49                        (4.3) 

    where, 𝑣𝑖(𝑡) is the instantaneous line voltage for DCM operation of Zeta converter. The 

switching frequency is taken as 20KHz. 

The critical input inductance (𝐿𝑖) is calculated as,  
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𝐿𝑖 = (
𝑉𝑠

2

𝑃
) .

𝑇𝑠

2
 .

𝑉𝑑𝑐

𝑉𝑆√2 + 𝑉𝑑𝑐

= 0.71𝑚𝐻                              (4.4) 

Where, P is the output Power, 𝑉𝑑𝑐 is DC-Link voltage of Zeta Converter. The critical 

series Capacitance (𝐶𝑖) is calculated as,  

𝐶𝑖 =
𝑃

𝛿𝑓𝑠 (𝑉𝑆√2 + 𝑉𝑑𝑐)
2 = 0.94𝜇𝐹                                        (4.5) 

where, 𝛿 is the voltage ripple considered for series capacitance and is taken as 12%. 

The critical output inductor (𝐿𝑜) is given as, 

𝐿𝑜 = (
𝑉𝑠

2

𝑃
) .

1

휀𝑓𝑠 
. (

𝑉𝑑𝑐

𝑉𝑆√2 + 𝑉𝑑𝑐

) = 5.58𝑚𝐻                       (4.6) 

    where, 휀 is permissible ripple in the current of output inductor and is taken as 25%. The 

DC-Link capacitance (𝐶𝑑𝑐) of the modified zeta converter is calculated as,  

𝐶𝑑𝑐 =
𝐼𝑑𝑐

2 × 2𝜋𝑓𝜕𝑉𝑑𝑐
=

𝑃

2 × 2𝜋𝑓𝜆𝑉𝑑𝑐
= 600𝜇𝐹                  (4.7) 

𝜕 is voltage ripple considered for output capacitance and 𝜆 is voltage ripple considered 

for DC-Link capacitance and are taken as 0.2% and 2.5% respectively.  

The filter capacitance (𝐶𝑓) and filter inductance (𝐿𝑓) is calculated as, 

𝐶𝑓 =
𝑃. tan(휃)

(2𝜋𝑓𝑉𝑠)2
= 895𝑛𝐹                                                         (4.8) 

𝐿𝑓 = [
1

4𝜋2𝑓𝑐
2𝐶𝑓

] − [
0.04 × 𝑉𝑆

2

2𝜋𝑓. 𝑃
] = 6.96𝑚𝐻                     (4.9) 

where,  𝑓𝑐 is the critical frequency and is equal to 1/10th of the switching frequency 𝑓𝑠. So, 

the value of fc is taken to be 2kHz.  

4.4.2 Design of HB-LLC Resonant Converter 

The controlled DC-Link voltage of modified zeta converter is provided to HB-LLC 

Resonant Converter for charging EV battery. The resonant frequency is taken as 50kHz to give 

the output voltage of 65V and output current of 13.07A. The turn ratio (T) of the transformer 

is calculated as, 

𝑇 =
𝑉𝑑𝑐

2𝑉𝑜
=

300

2 × 65
= 2.307                                                   (4.10) 

The peak current of the resonant tank (𝐼𝐿𝑅) is determined as, 

𝐼𝐿𝑅 =
2𝜋𝑃𝑜

2𝑉𝑑𝑐
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𝐼𝐿𝑅 =
2 × 3.14 × 850

2 × 300
= 8. 89𝐴                                                            (4.11) 

where Po is the output Power and taking resonant frequency (𝑓𝑟) to be equal to 50kHz, 

the Resonant Capacitor (𝐶𝑟) can be calculated as,  

𝐶𝑟 =
𝐼𝐿𝑅

2𝜋𝑓𝑟 (
𝑉𝑑𝑐

2⁄ )
 

𝐶𝑟 =
8.89

2 × 3.14 × (300
2⁄ ) × 50 × 10−3

= 188.74𝑛𝐹                        (4.12) 

To provide a voltage gain, the ratio of the magnetizing inductance (𝐿𝑚) and resonant 

inductor (𝐿𝑟) is chosen 6. These inductances can be calculated as, 

𝐿𝑟 =
1

(2𝜋𝑓𝑟)2 × 𝐶𝑟
 

𝐿𝑟 =
1

(2 × 3.14 × 50 × 10−3)2 × 188.74 × 10−9
 = 53.73𝜇𝐻       (4.13)  

𝐿𝑚 = 6𝐿𝑟 = 6 × 53.73𝜇𝐻 = 321.75𝜇𝐻                                               (4.14)  

 

 Table IV and Table V shows the specifications of the parameters used to design the 

modified Zeta converter respectively. 

TABLE IV.  SPECIFICATIONS OF MODIFIED ZETA CONVERTER 

S.NO. SPECIFICATIONS VALUES 

1. Input Voltage,𝑉𝑠 (Modified Zeta) 220V 

2. Output Voltage/ Current (𝑉𝑑𝑐/𝐼𝑑𝑐) (Modified Zeta) 300V/4.23A 

3. Switching Frequency 𝑓𝑠 (Modified Zeta) 20 kHz 

4. Input Voltage,𝑉𝑠 (LLC Resonant) 300V DC 

5. Output Voltage/ Current (𝑉𝑑𝑐/𝐼𝑑𝑐) (LLC Resonant) 65V/ 13.07A 

6. Resonant Frequency 𝑓𝑟   (LLC Resonant) 50 kHz 

7. Power (P) 850 W 

8. Voltage ripple taken for series capacitance 𝐶𝑖 (𝛿) 12% 

9.  Current ripple taken for Lo output inductor (휀) 25% 

10. Voltage ripple taken for output capacitance (𝜕) 0.2% 

11. Voltage ripple taken for DC-Link capacitance (𝜆) 2.5% 
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TABLE V.  DESIGN PARAMETERS OF MODIFIED ZETA CONVERTER 

S.No. DESIGN VARIABLES VALUES 

1. Critical Input Inductor (𝐿𝑖) 0.71𝑚𝐻 

2. Critical Series Capacitor (𝐶𝑖) 0.94𝜇𝐹 

3. Critical Output Inductor (𝐿𝑜) 5.58𝑚𝐻 

4. DC-Link Capacitance (𝐶𝑑𝑐) 600𝜇𝐹 

5. Filter Capacitance (𝐶𝑓) 895𝑛𝐹 

6. Filter Inductance (𝐿𝑓) 6.96𝑚𝐻 

7. Resonant Capacitor (𝐶𝑟) 188.74𝑛𝐹 

8. Magnetizing Inductance (𝐿𝑚) 53.73𝜇𝐻 

9. Resonant Inductor (𝐿𝑟) 321.75𝜇𝐻 

4.5 CONTROL OF EV CHARGER 

The EV battery charger of modified Zeta converter cascaded with HB-LLC (Half 

Bridge Inductor-Inductor-Capacitor) Resonant Converter controller can be classified into two 

sections: 

a) Control of Modified Zeta Converter  

b) Control of HB-LLC Resonant Converter. 

4.5.1 Control of Modified Zeta Converter 

In this work, the power factor correction is done using dual-loop control technique 

shown in Fig. 4.5. The outer voltage loop is used to control DC Link voltage of zeta converter 

and the inner current loop control is used to control the output current of Zeta Converter.  

PI-Voltage

Controller

PLL

PI-Current

Controller

Vs

VeVdc*

Vdc

iLdc

ILf*
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+
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Fig. 4.5 Controller of Modified Zeta Converter 

The DC-Link voltage (𝑉𝑑𝑐) is compared to the reference voltage (𝑉𝑑𝑐
∗) which generates 

error in voltage (𝑉𝑒) and that error is provided to PI-Voltage Controller. This output is the 
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modulating current signal (𝐼𝐿𝑑𝑐) and is multiplied by unit template of AC mains voltage to 

generate reference current for the primary inductor current (𝐼𝐿𝑓
∗). The current error (𝐼𝑒) is 

calculated by comparing the reference current (𝐼𝐿𝑓
∗) to the primary inductor current (𝐼𝐿𝑓) using 

the PI-Current controller. The output of PI based current controller is compared with saw-tooth 

carrier waveform to generate the switching pulsed which are given to switches 𝑆1, 𝑆2 of the 

modified Zeta Converter.  

4.5.2 Control of HB-LLC Resonant Converter 

The HB-LLC resonant converter is connected in second stage of PFC circuit. The DC-

link voltage is given to HB-LLC resonant converter and its output voltage is controlled using 

PI-voltage controller as shown in Fig.4.6. The resultant frequency signal is processed by the 

Pulse Frequency Modulation (PFM) which generate the switching pulses for HB-LLC resonant 

converter. 

PI-Voltage

Controller
PFM

Q1, Q2

Ve

LLC RESONANT CONTROLLER

Vo

+-
Vo*

 

Fig.4.6 Controller of HB-LLC Resonant Converter 

Pulse Frequency Modulation is a modulation method which is used to represent any 

analog signal using only two levels i.e. 0 or 1. PFM is similar to Pulse Width Modulation 

(PWM), which converts the magnitude of an analogue signal into a square wave that represents 

the converter's duty cycle. In PFM, the width of square pulses is fixed while the frequency is 

varied whereas in PWM the width of square pulse is varied at constant frequency. In Pulse 

Frequency Modulation, the width and amplitude of the pulses are kept constant. 

The main advantages of using PFM are switching losses are reduced to some extent, 

thereby improves the efficiency under light loads. Other benefits of PFM include higher low-

power conversion efficiency, lower total cost, and a simplified converter topology that 

eliminates the need for a control-loop-compensation network. 

The block diagram of PFM (Pulse Frequency Modulation) can be seen in Fig.4.7 and 

is used in simulation to generate gate pulses for Q1 and Q2. The frequency is changed by the 

PFM for fixed duty cycle of 50 %. 
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Fig. 4.7 Block Diagram of PFM (Pulse Frequency Modulation) 

For the control of Modified Zeta Converter, the voltage error (Ve) generated on 

comparison with reference DC-link voltage is processed by Proportional-Integral (PI) 

controller and its resultant is given by the help of equation, 

𝑖𝐿𝑑𝑐(𝑛) = 𝑖𝐿𝑑𝑐(𝑛 − 1) + 𝐺𝑝𝑣{𝑣𝑒(𝑛) − 𝑣𝑒(𝑛 − 1)} + 𝐺𝑝𝑖𝑣𝑒(𝑛)      (4.15) 

Where Gpv and Gpi are proportional gain and integral gain for the voltage controller. 

The input voltage sine template is multiplied with voltage loop output to generate 

reference primary inductor current is given as, 

𝐼𝐿𝑓
∗(𝑛) = 𝐼𝐿𝑑𝑐(𝑛) × 𝑣sin𝑒(𝑛)                                                                    (4.16) 

The current error (Ie) is passed through the PI controller and resultant is expressed as, 

𝑑(𝑛) = 𝑑(𝑛 − 1) + 𝐺𝑝𝑖{𝐼𝑒(𝑛) − 𝐼𝑒(𝑛 − 1)} + 𝐺𝑖𝑖𝐼𝑒(𝑛)                    (4.17) 

Where Gpi and Gii are proportional gain and integral gain for the current controller. 

The second stage is formed by LLC resonant converter which uses Pulse Frequency 

Modulation (PFM) and voltage controller. The voltage error (Ve) generated on comparing 

reference output voltage and battery voltage is processed by the PI controller and output is 

given as, 

𝑓(𝑛) = 𝑓(𝑛 − 1) + 𝐺𝑝𝑙𝑙𝑐{𝑉𝑒(𝑛) − 𝑉𝑒(𝑛 − 1)} + 𝐺𝑖𝑙𝑙𝑐𝑉𝑒(𝑛)            (4.18) 

Where Gpllc is the proportional gain and Gillc is the integral gain of Half-Bridge LLC resonant 

converter. 

4.5 Conclusion 

In this chapter, the Power Factor Correction of Modified Zeta Converter cascaded with 

Half Bridge LLC Resonant converter for EV Battery charging applications is studied. 
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Initially modelling and modes of operations were discussed. Also, the parameters of the 

converter are calculated and the controller of the charger is designed using dual loop 

controller techniques for modified Zeta converter and LLC resonant converter is designed 

using PFM Controller. The modified zeta converter provides the advantage of low voltage 

stress across the device also the output current ripple is less in case of zeta converter. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 Introduction 

In this chapter, the results of the proposed EV chargers will be discussed. This chapter 

is divided into two sections where first section includes the result of SI-SEPIC Converter 

cascaded with Flyback Converter and the obtained results are compared for PWM (Pulse Width 

Modulation) and SPWM (Sinusoidal Pulse Width Modulation) controller. The advantages of 

using SPWM Controller is discussed in detail. The second section includes the result of 

Modified Zeta converter Fed with HB-LLC Resonant Converter for EV Battery charging 

applications, which includes the comparison of Conventional and Modified Zeta converter. 

Also, the advantages of Modified Zeta Converter are discussed in detail. 

5.2 MATLAB Simulation Results of SI-SEPIC Converter fed with Flyback Converter 

In this section, the results of SI-SEPIC Converter cascaded with Flyback Converter 

based EV charger is shown, and is simulated in MATLAB-SIMULINK environment with a 

battery pack of 48 V, 100 Ah. Fig 5.1 represents the proposed EV Charger with SI-SEPIC 

converter cascaded with Flyback Converter and Fig 5.2 represents the MATLAB Simulink 

model of the proposed converter. 

This work presents a two-stage EV charger with Switched Inductor (SI)-SEPIC 

converter cascaded with Flyback Converter for providing high-frequency isolation. The main 

advantage of this work includes: 

a) Reduced Duty Ratio (D) operation,  

b) Provides lesser voltage stress across the switch.  

c) The converter consists of switched inductors 𝐿𝑚 and 𝐿𝑎 at stage-I along with two 

switches Sm and Sa with auxiliary components like 𝐶𝑎 and 𝐷𝑜𝑎 used to provide high 

gain to the converter. 

d) Improved efficiency 

e) Reduction in THD (Total Harmonic Distortion) 
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Fig 5.1 Proposed EV battery charger with SI-SEPIC Converter cascaded with flyback 

converter 

 

Fig. 5.2 MATLAB Simulation Model of SI-SEPIC Converter cascaded with Flyback 

Converter 

5.2.1 LC Filter Bode Plot 

Given bode plot of LC filter in Fig 5.3 demonstrates that damping factor (휁) operates 

at nearly 0.02 which means that resistive nature of the damping factor sacrificing its phase plot 

which is approaching its asymptotic plot. It sacrifices its phase plot for improving the efficiency 

and achieving high Quality factor of the filter. 
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Fig 5.3 Bode plot for LC filter 

5.2.2 PWM (Pulse Width Modulation) Controller 

Fig 5.4 shows the input voltage and current of SI-SEPIC converter. It shows that the 

input current does not have the peaky components which depicts that harmonic contents are 

eliminated from the input current. The waveforms show that the input current exactly follows 

the input voltage depicting the power factor correction of the converter is done properly and 

the harmonics are eliminated from the input current. 

Fig 5.5 shows the output voltage and current across the DBR (Diode Bridge Rectifier), 

depicting that both the voltage and current are almost in phase with each other, i.e, the charger 

is approaching unity power factor (UPF) operation. 

 

Fig. 5.4 Input Voltage and Current for SI-SEPIC converter 
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Fig. 5.5 Output Voltage and Current (across DBR) 

In Fig 5.6, The outer voltage across SI-SEPIC converter is equal to 300V with a ripple 

of 1% in the output voltage and the current is maintained at 2.5A with a small ripple of 0.05A. 

The magnified view of output voltage and currents are observed in this figure which tells about 

the amount of ripple present in the output voltage and current. PWM (Pulse width Modulation) 

controller is used to maintain the voltage at 300V of SI-SEPIC converter.  

 

Fig. 5.6 Output Voltage and Current (across SI-SEPIC converter) 

The SOC (%), voltage and current of the battery can be observed in Fig 5.7. SOC is 

defined as the state of charge of the battery and is a measurement of the amount of energy 

available in a battery at a specific point in time. It is expressed as a percentage (%).  

The increasing SOC means that the battery is in charging mode. A constant current of 

10.9A can be seen with current ripple of 0.15A for a 48V, 100Ah battery pack. From the fig 

5.7, the battery voltage is observed to be 48V. 
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Fig 5.7 Battery SOC, Battery Voltage and Battery Current 

In Fig 5.8, Total Harmonic Distortion (THD) in input current of the proposed SI-SEPIC 

converter cascaded with Flyback converter is observed to be 4.81%, which yields to the power 

factor of 0.92. 

 

Fig. 5.8 THD (%) in input current using PWM controller 
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5.2.3 SPWM (Sinusoidal Pulse Width Modulation) Controller 

Fig 5.9 shows the SPWM (Sinusoidal Pulse Width Modulation) comparator where the 

triangular pulses (St) and the sinusoidal pulses are compared and the switching signals are given 

to switches Sm and Sa.                   

 

Fig 5.9 SPWM comparator and Switching signals given to Sa and Sm 

In Fig 5.10, the input voltage (Vin) and Input current (Iin) can be observed. The input 

voltage of 220V is given to the SI-SEPIC converter which generates sinusoidal mains current 

using LC filter and SPWM controller. 

The output voltage and current across the DBR can be seen in Fig 5.11 where both 

current and voltage are in phase with each other which demonstrates the UPF (Unity Power 

Factor) operation of the EV charger. 

 

Fig. 5.10 Vin and Iin of SI-SEPIC converter 
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Fig. 5.11 Output Voltage and Current (across DBR) 

The SOC, voltage and current of 48V, 100Ah battery can be seen in Fig 5.12. For CC-

CV mode of charging, the reference voltage is taken to be 65V and output current of 10.83A 

can be observed across the battery having 0.04A ripple current.  

 
Fig 5.12 Battery SOC, Battery Voltage and Battery Current 

Harmonic power factor is related to total harmonic distortion (THD), which can be 

calculated by the help of given equation 

𝑃𝑜𝑤𝑒𝑟 𝐹𝑎𝑐𝑡𝑜𝑟 =
1

√1 + 𝑇𝐻𝐷2
                             (5.1)    

where, THD is the total harmonic distortion which can be calculated by, 

𝑇𝐻𝐷 =
𝐼ℎ

𝐼1
= √

(𝐼1
2 + 𝐼2

2 + ⋯ + 𝐼𝑁
2 +. . )

𝐼1
2             (5.2)   
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where, I1, I2, ..., In are rms value of current the fundamental component, second 

harmonic, …, and Nth harmonic and Ih is the rms value of all the harmonic component of 

current. 

Fig 5.13 shows the Total Harmonic Distortion of the SI-SEPIC converter using SPWM 

control as 3.66%, yielding to a power factor of 0.94. 

 

Fig 5.13 THD (%) in input current using SPWM controller 

 
Fig. 5.14 Voltage and Current across auxiliary switches Sa and Sm 

The voltage and current across the switches Sa and Sm can be seen in Fig 5.14. In the 

zoomed view it can be observed that a peak voltage tress of approx. 230 V can be observed 
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across the switches. Table VI shows the comparison of SI-SEPIC converter using PWM and 

SPWM controller techniques. 

TABLE VI.  COMPARISION OF CONTROLLER 

Parameters PWM Control 

Technique 

SPWM Control 

Technique 

Power Factor 0.92 0.94 

Efficiency (%) 90% 92.8% 

THD (%) 4.81% 3.66% 

3rd harmonic component (%) 3.6% 2.9% 

Output Current Ripple (𝚫𝑰𝒐) 0.15A 0.04A 

Output Voltage Ripple (𝚫𝑽𝒐) 0.01V 0.005V 

5.3 MATLAB Simulation Results of Modified Zeta Converter Fed with Half Bridge LLC 

Resonant Converter 

In this section, the results of Modified zeta converter cascaded with HB-LLC Resonant 

converter are shown and is simulated in MATLAB-SIMULINK platform. Fig 5.15 shows the 

Battery Charger with Conventional Zeta Converter fed LLC Resonant Converter and Fig 5.16 

shows the MATLAB Simulink model of Conventional Zeta Converter fed with HB-LLC 

Resonant Converter. Fig 5.17 shows the Battery Charger with Modified non-isolated Zeta 

Converter fed LLC Resonant Converter and Fig 5.18 shows the MATLAB Simulink model of 

Modified Zeta Converter fed with HB-LLC Resonant Converter. 

The Modified non-isolated zeta converter is analogous to normal conventional zeta 

converter except for the addition of two clamping diodes (𝐷5, 𝐷6) which are being added at the 

input and one switch 𝑆2. By the help of clamping diodes, the voltage stress across the devices 

by clamping the voltage across the switches at input voltage Vin, which is half as compared to 

conventional Zeta Converter (Vin + Vdc). This reduces the losses across the device and improves 

the efficiency of the converter. The value of DC-Link voltage is maintained at 300V by the 

help of input inductor (Li), output inductor (Lo) and series capacitor (Ci). 

This configuration is being used as it reduces the voltage stress due to the presence of 

two switches at the input voltage, which is 1 2⁄ (ℎ𝑎𝑙𝑓) as compared to Conventional converter. 

The DC link voltage is 300V. The modified zeta converter is then followed by half bridge LLC 

Resonant converter. Both Zeta and HB-LLC Resonant Converters operate in DCM 
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(Discontinuous Conduction Mode), which reduces the diode reverse recovery time and zero 

current switching (ZCS). 
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Fig. 5.15 Battery Charger with Conventional Zeta Converter fed HB-LLC Resonant 

Converter 

 

Fig 5.16 MATLAB Simulink model of Conventional Zeta Converter fed with HB-LLC 

Resonant Converter 
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Fig 5.17 Battery Charger with Modified non-isolated Zeta Converter fed HB-LLC Resonant 
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Fig 5.18 MATLAB Simulink model of Modified Zeta Converter fed with HB-LLC Resonant 

Converter 
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5.3.1 Steady State performance of the charger 

The output waveforms of Modified Zeta converter fed LLC resonant converter at steady 

state are demonstrated in this section. This section is further divided into two subsections which 

shows the output waveforms of Modified Zeta converter and HB-LLC Resonant Converter for 

steady state performance of the charger. 

5.3.1.1 Output waveforms of Modified Zeta Converter 

Fig 5.19 shows input current and input voltage and both current and voltage are in phase 

with each other which represents the Unity Power Factor (UPF) operation of the Modified Zeta 

converter.  

 

Fig. 5.19 Input Voltage and Current of Modified Zeta Converter 

Fig 5.20 and 5.21 shows the current of output and input inductor respectively and Fig. 

5.22 shows the DC-Link voltage of Modified Zeta converter.  

The DC-Link voltage is 300V for 65V battery voltage. The magnified view of DC-Link 

voltage is observed in this figure which tells about the amount of ripple present in the DC-link 

voltage. The amount of ripple in DC-Link Voltage is 2% i.e., ripple voltage is 6V. 

 

Fig. 5.20 Output Inductor Current of Modified Zeta Converter 
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Fig. 5.21 Input Inductor Current of Modified Zeta Converter 

 

Fig. 5.22 DC-Link Voltage of Modified Zeta Converter 

5.3.1.1 Output waveforms of HB-LLC Resonant converter 

The output waveforms of HB-LLC Resonant converter are shown in the Fig. 5.23-5.27. 

Fig. 5.23 shows that the peak voltage of 𝐶𝑟 and the voltage is observed to be 320V and in Fig 

5.24 the current waveforms of 𝐿𝑟 𝑎𝑛𝑑 𝐿𝑚 which shows that the converter is operating near 

resonant frequency (𝑓𝑟). The peak amplitude of resonant current is 11.56 A and peak amplitude 

of magnetizing current is 2.87A. 

 

Fig. 5.23 Voltage across resonant capacitance (𝑉𝐶𝑟) 
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Fig. 5.24 Magnetizing inductance and resonant inductance Current waveform (𝐼𝐿𝑟  𝑎𝑛𝑑 𝐼𝐿𝑚 ) 

The diode current (Id)  of the HB-LLC converter can be seen in Fig 5.25. Fig. 5.26 

shows the voltage and current across the MOSFET which demonstrates Zero Voltage 

Switching (ZVS) is achieved. The voltage across the switch (VQ1) and current flowing the 

switch (IQ1) is shown in Fig 5.26. The current start rising when voltage reaches to zero. There 

is no overlap of current and voltage is observed.   

 

Fig. 5.25 Diode Current (Id) of LLC Resonant Converter 

 

Fig. 5.26 Voltage and Current across the MOSFET Q1 

As observed in Fig 5.27, a peak output current of 13.07A is observed across the battery 

with a ripple of  0.95% which can be observed in the magnified image of output current (Io). 

From Fig 5.28, it is observed that the DC-Link voltage is 65V with a ripple voltage of 0.6V as 
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seen from the magnified image of output voltage (Vo) of the Half Bridge-LLC Resonant 

converter.  

 

Fig. 5.27 Output Current (A) waveform of HB-LLC Resonant Converter 

 

Fig. 5.28 Output Voltage (V) waveform of HB-LLC Resonant Converter 

 

Fig. 5.29 Total Harmonic Distortion (THD) of Conventional Zeta Converter 
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Fig. 5.30 Total Harmonic Distortion (THD) of Modified Zeta Converter 

Fig 5.29 and Fig 5.30 shows the THD of conventional and Modified zeta converter 

which is 4.03% and 1.88% respectively giving the power factor of 0.92 and 0.98, respectively. 

The third harmonic component in conventional Zeta converter is 4.5% whereas in modified 

Zeta converter the third harmonic component is 2.03%. 

5.3.2 Performance of the charger over different supply voltage 

Fig. 5.31 shows the performance of charger over different supply voltage (Vs) ranging 

from 170V to 300V. The battery voltage remains constant at 65V through the entire variation 

of supply voltage. The performance of source current is excellent with THD less than 2% for 

the entire range. 

 

Fig. 5.31 Waveform of voltage (V) and current (I) over different supply voltage (Vs) 
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5.3.3 Comparison of Modified Zeta with Conventional Zeta Converter  

 

(a) Efficiency (휂) 

 

(b) Total Harmonic Distortion 

 

(c) Voltage Stress across device 

Fig. 5.32 Comparison in (a) Efficiency (휂), (b) Total Harmonic Distortion, (c) Voltage Stress 

across device of Modified Zeta Converter and Conventional Zeta Converter 
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In this section, the comparison of efficiency (η), THD and device voltage stress are 

discussed and is shown in Fig 5.32 (a)-(c). From Fig 5.32 (a), it is clear that the full load 

efficiency of this charger is 92.5% which shows a hike of 3-4% in comparison with the 

conventional zeta converter-based EV charger.  

From Fig 5.29-5.30 and Fig 5.32 (b), the improvement in THD can be seen, it shows 

that the THD of Modified zeta converter is 1.88% which yields a power factor of 0.98 whereas 

the THD of conventional zeta converter is 4.03% which gives a power factor of 0.92. In Fig 

5.32 (c), the improvement in device voltage stress can be seen. The modified zeta converter 

shows lesser device voltage stress in comparison with conventional zeta converter-based EV 

charger as shown in Table VII. 

In conventional charger, the device voltage stress is the addition of input voltage (𝑉𝑖𝑛) 

and the DC-Link voltage(𝑉𝑑𝑐). So, for a conventional converter the voltage stress is: 

𝑉𝑠1,𝑠2 = 𝑉𝑖𝑛 + 𝑉𝑑𝑐                                (5.3) 

But voltage stress of Modified zeta converter-based EV charger is: 

𝑉𝑠1 = 𝑉𝑠2 = 𝑉𝑖𝑛                                   (5.4) 

which is quite low as compared to conventional counterpart, which is because of the 

use of the clamping diodes 𝐷1, 𝐷2. In Fig 5.32 (c), at input voltage of 220V, the device voltage 

stress is approx. 250V for Modified EV charger whereas 610V for conventional EV charger. 

Table VII shows the comparison of conventional ad modified zeta converter based EV charger. 

TABLE VII.  COMPARISION OF CONVENTIONAL AND MODIFIED ZETA CONVERTER BASED EV 

CHARGER 

Parameters 

Conventional Zeta 

Converter based EV 

charger 

Modified Zeta 

Converter based EV 

charger 

Power Factor 0.92 0.98 

Efficiency (%) 89% 92.5% 

THD (%) 4.02% 1.88% 

𝟑𝒓𝒅 Harmonic Component (%) 4.5% 2.03% 

Device Voltage Stress (V) 610V 250V 
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5.4 Conclusion 

In this chapters the results of SI-SEPIC converter cascaded with Flyback converter were 

shown and the charger is compared for two different controller topologies i.e., PWM and 

SPWM controller topology. SPWM controller provides better performance by improving the 

power factor, reducing the THD and 3rd order current harmonic and thereby improves the 

overall efficiency of the EV Charger. Also, the results of Modified Zeta Converter fed with 

HB-LLC Resonant converter were discussed. A comparison is done between conventional and 

Modified Zeta Converter which showed that modified Zeta converter improves the efficiency 

of the charger and voltage stress across the device is reduced to half in case of Modified Zeta 

converter. 
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CHAPTER 6 

CONCLUSION AND FUTURE SCOPE 

 

6.1 Conclusion 

In this work various DC-DC Converters are discussed which are used for power factor 

correction of the EV Charger and thereby improving the THD of the input current, increasing 

the efficiency of the chargers and reducing the voltage stress. The work is basically divided 

into two sections where two different EV Chargers are designed and implemented in MATLAB 

environment.  

Initially, the literature review is carried out to analyse all the different DC-DC 

converters which are used for providing power factor correction along with their advantages 

and disadvantages. Among all the converters, SEPIC converter provides the advantage of less 

input current ripple and provide better efficiency at low level of input voltage. Also, the switch 

voltage stress is less in SEPIC converters. Zeta converter provides better dynamic response in 

discontinuous conduction mode (DCM). It also improves the voltage regulation and lowers the 

ripple in output current.  

• The first work includes the cascaded SI-SEPIC and flyback converter which is 

designed for EV application. Due to SI-SEPIC configuration at the input, high 

voltage gain is achieved as compared to conventional SEPIC converter.  

• It also operates at reduced duty ratio to achieve an output voltage of 300V. This 

leads to low THD as per IEC standard, and thereby improving the PF (Power Factor) 

and efficiency of the converter.  

• Two control techniques i.e. PWM and SPWM controller techniques are designed 

for the adequate performance of the converter and the obtained results are 

compared.  

• SPWM controller provides better performance by improving the power factor, 

reducing the THD and 3rd order current harmonic and thereby improves the overall 

efficiency of the EV Charger. 

• As a way forward the proposed converter can be used for multiple battery rating, 

variable load and can be used with different sort of motor used in EV application.  
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• The SEPIC Converter has a disadvantage of having more ripple in the output 

current. So, modified Zeta converter was introduced which provides better dynamic 

response in DCM and it also provides less ripple in the output current. 

• The second work includes a Modified Zeta Converter fed HB-LLC Resonant 

converter-based EV charger with reduced device voltage stress, improved 

efficiency and lower THD. The reduction in voltage stress is achieved by adding 

clamping diodes (𝐷5, 𝐷6)  at the input of conventional zeta converter without adding 

extra inductor and capacitor.  

• The design parameters of Modified zeta converter and HB-LLC Resonant converter 

are also discussed. Also, the conventional and Modified zeta converter-based EV 

charger are compared in the last section. 

• A comparison is done between conventional and Modified Zeta Converter which 

showed that modified Zeta converter improves the efficiency of the charger and 

voltage stress across the device is reduced to half in case of Modified Zeta 

converter. 

• As a way forward, the design parameters and techniques discussed in this work can 

be used for experimental model. 
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6.2 Future Scope 

This work basically comprises of two EV Chargers for power factor correction (PFC).  

• First charger consists of high-gain SI-SEPIC Converter which works at reduced duty 

ratio (D) and thereby increases the efficiency of converter. 

• Using the design parameters and techniques used in this work, the hardware 

implementation of this work can be done. 

• As a way forward the proposed converter can be used for multiple battery rating, 

variable load and can be used with different sort of motor used in EV application.  

• But due to the greater number of components present in this work, the cost and the 

size of the converter increases, in that field some research is needed to be done. 

• Also, the SI-SEPIC Converter has a disadvantage of having more ripple in the output 

current, so modified Zeta converter-based EV charger is designed which provides 

better dynamic response in DCM (Discontinuous Conduction Mode) and provides 

less ripple in the output current. 

• The second work includes a Modified Zeta Converter fed HB-LLC Resonant 

converter-based EV charger with reduced device voltage stress, improved efficiency 

and lower THD. 

• The reduction in voltage stress is achieved by adding clamping diodes (𝐷5, 𝐷6)  at the 

input of conventional zeta converter without adding extra inductor and capacitor.  

• Using the design parameters and techniques used in this work, the hardware 

implementation of this work can be done. 

• As a way forward the proposed converter can be used for multiple battery rating, 

variable load and can be used with different sort of motor used in EV application.  
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APPENDIX I 

 

A. IEC Standard 61000-3-2 

             EC 61000-3-2 Electromagnetic compatibility (EMC) – Part 3-2: Limits – Limits 

for harmonic current emissions (equipment input current ≤ 16 A per phase) is an 

international standard that limits mains voltage distortion by prescribing the maximum 

value for harmonic currents from the second harmonic up to and including the 40th 

harmonic current. IEC 61000-3-2 applies to equipment with a rated current up to 16 A. 

Table 1. IEC 61000-3-2 Current harmonic limits 

Harmonics [n] 
Class-A 

[A] 

Class-B 

[A] 

Class-C 

[%] 

Class-D 

[mA/W] 

Odd Harmonics 

3 2.3 3.45 30xλ* 3.4 

5 1.14 1.71 10 1.9 

7 0.77 1.155 7 1.0 

9 0.40 0.60 5 0.5 

11 0.33 0.495 3 0.35 

13 0.21 0.315 3 3.85/13 

15≤n≤39 0.15*15/n 0.225x15/n 3 3.85/n 

Even Harmonics 

2 1.08 1.62 2 - 

4 0.43 0.645 - - 

6 0.30 0.45 - - 

8≤n≤40 0.23*8/n 0.345*8/n - - 

*λ is the circuit power factor 
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B. IEC Standard 519 

               The IEEE 519-2014 standard defines the voltage and current harmonics distortion 

criteria for the design of electrical systems. Goals for designing electrical systems that contain 

both linear and non-linear loads are established in this standard. 

Important terminologies related to IEC Standard 519 are listed below: 

• Maximum demand load current: This current value is enacted at the point of common 

coupling (PCC) and calculates as the average of the currents corresponding to the peak 

demand during the previous 12 months. 

• Notch: A condition, lasting less than ½ cycle, in which the magnitude of the voltage 

waveform reversed its normal polarity. 

• Point of common coupling (PCC): the point on a public power supply system, 

electrically closest to a specific load, in which other loads are, or maybe connected. The 

PCC is a point located upstream of the regarded installation. 

• Short-circuit ratio: in a specific location, the rate of the available short-circuit current, 

to the load current, in amperes. 

• Total demand distortion (TDD): The ratio of the root mean square of the harmonic 

content, including the harmonic components up-to the 50th order. Expressed as a 

percent of the maximum demand current. Inter-harmonics are specifically excluded. 

Higher frequencies (harmonics greater than 50) may be added when required. 

• Total harmonic distortion (THD): The ratio of the root mean square of the harmonic 

content, including the harmonic components, up-to the 50th order. Expressed as a 

percent of the fundamental. Inter-harmonics are specifically excluded. Higher 

frequencies (harmonics greater than 50) may be added when required. 

Voltage distortion limits 

Table 2 (IEEE 519) 

 
Weekly 95th percentile short 

time 
Daily 99th percentile short time 

Bus voltage V 

at PCC 

Individual 

harmonic (%) 
THD (%) 

Individual 

harmonic (%) 
THD (%) 

V ≤ 1.0 kV 5.0 8.0 7.5 12 

1 kV < V ≤ 69 

kV 
3.0 5.0 4.5 7.5 

69 kV < V ≤ 

161 kV 
1.5 2.5 2.25 3.75 
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Current Distortion Limits 

Table 3 (IEEE 519) 

Current distortion limits for systems rated 120 V – 69 kV 

 

ISC/IL 

Individual harmonic limits (Odd harmonics) a,b 

Harmonics values are in % of maximum demand load current 
 

TDD 
3 ≤ h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h ≤ 50 

<20c 4.0 2.0 1.5 0.6 0.3 5.0 

20<50 7.0 3.5 2.5 1.0 0.5 8.0 

50<100 10.0 4.5 4.0 1.5 0.7 12.0 

100<1000 12.0 5.5 5.0 2.0 1.0 15.0 

>1000 15.0 7.0 6.0 2.5 1.4 20.0 

 

Table 4 (IEEE 519) 

Current distortion limits for systems rated 69 kV – 161 kV 

ISC/IL 

Individual harmonic limits (Odd harmonics) a,b 

Harmonics values are in % of maximum demand load current 

TDD 

3 ≤ h < 11 11 ≤ h < 17 11 ≤ h < 17 23 ≤ h < 35 

 

35 ≤ h ≤ 50 

 

<20c 2.0 1.0 0.75 0.3 0.15 2.5 

20<50 3.5 1.75 1.25 0.5 0.25 4.0 

50<100 5.0 2.25 2.0 0.75 0.35 6.0 

100<1000 6.0 2.75 2.5 1.0 0.5 7.5 

>1000 7.5 3.5 3.0 1.25 0.7 10.0 

 

• Daily 99th percentile very short time (3 s) harmonic currents should be less than 2.0 

times the values given in the tables below. 

• Weekly 99th percentile short time (10 min) harmonic currents should be less than 

1.5 times the values given in tables below. 

• Weekly 95th percentile short time (10 min) harmonic currents should be less than 

the values given in tables below. 
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Table 4 (IEEE 519-2014) 

Current distortion limits for systems rated > 161 kVa 

 

 

 

ISC/IL 

Individual harmonic limits (Odd harmonics) a,b 

Harmonics values are in % of maximum demand load current 

 
 

 

TDD 
3 ≤ h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 

23 ≤ h ≤ 50 

 

<25c 1.0 0.5 0.38 0.15 0.1 1.5 

20<50 2.0 1.0 0.75 0.3 0.15 2.5 

≥50 3.0 1.5 1.15 0.45 0.22 3.75 

 

• a Even harmonics are limited to 25% of the odd harmonic limits above 

• b Current distortions that result in a dc offset, e.g., half-wave converters, are not 

allowed 

• c All power generation equipment is limited to these vales of current distortion, 

regardless of actual 
𝐼𝑆𝐶

𝐼𝐿
⁄  

• 𝐼𝑆𝐶  = maximum short circuit current at PCC 

• 𝐼𝐿= maximum demand load current (fundamental frequency component) at PCC 
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C. Understanding Power Factor (PF), Displacement Power Factor (DPF) and Crest 

Factor (CCF) 

            Power factor is the ratio of true power to apparent power in a circuit or 

distribution system. Any AC circuit consists of real, reactive, harmonic, and apparent 

(total) power. True power is the power, in W or kW, used by motors, lights, and other 

devices to produce useful work. Reactive power is the power, in VAR or kVAR, stored 

and released by inductors and capacitors. Reactive power shows up as a phase 

displacement between the current and voltage waveforms. Harmonic power is power, 

in VA or kVA, lost to harmonic distortion. Apparent power is the power, in VA or kVA, 

that is the vector sum of true power, reactive power, and harmonic power. Apparent 

power is not a simple summation but a vector summation. 

            The displacement power factor is the ratio of true power to apparent power due 

to the phase displacement between the current and voltage. Capacitors can usually be 

added to a circuit or distribution system to correct the displacement power factor. The 

displacement power factor is calculated as follows: 

𝑃𝐹 = cos(∅)                                    (𝐴. 1) 

Where, 

PF = displacement power factor 

∅ = Difference between the phase of the voltage and the phase of the current (phase 

displacement) in degrees. 

        The distortion power factor is the ratio of true power to apparent power due to 

THD. Capacitors cannot be added to a circuit to compensate for the distortion power 

factor. The impedance of capacitors decreases with frequency. Therefore, a capacitor 

can become a sink for high-frequency harmonics. Special types of transformers or tuned 

harmonic filters consisting of capacitors and inductors are used to correct distortion 

power factor. The distortion power factor is calculated as follows: 

𝑃𝐹𝑇𝐻𝐷 = √
1

1 + 𝑇𝐻𝐷2
                                   (𝐴. 2) 

where, 

𝑃𝐹𝑇𝐻𝐷= distortion power factor 

THD = total harmonic distortion 

           The total power factor is the product of the displacement power factor and the 
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distortion power factor and is calculated as follows:  

𝑃𝐹𝑇𝑜𝑡 = 𝑃𝐹 ∗ 𝑃𝐹𝑇𝐻𝐷                      (𝐴. 3) 

where, 

𝑃𝐹𝑇𝑜𝑡 = total power factor 

 PF = displacement power factor 

𝑃𝐹𝑇𝐻𝐷 = distortion power factor 

            The current crest factor is the peak value of a waveform divided by the rms 

value of the waveform. The purpose of a current crest factor is to give an idea of how 

much distortion is occurring in a waveform. The current crest factor is calculated as 

follows: 

𝐶𝐶𝐹 =
𝐼𝑝𝑒𝑎𝑘

𝐼𝑟𝑚𝑠
                                 (𝐴. 4) 

where 

CCF = current crest factor 

𝐼𝑝𝑒𝑎𝑘 = peak value of current (in A) 

𝐼𝑟𝑚𝑠= root mean square value of current (in A) 

 

 


