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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].

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

EQUIPMENT [6]

n (harmonics order) |3 5 7 9 11 13 15t0 19

Max In (harmonics |23 |114 |0.77 |040 |033 |0.21 |0.15-0.15/n
Current in Amp)

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



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 O 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.
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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



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



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.



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

The high-performance BEV (Battery Electric VVehicle) 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.



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



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.



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.



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 Il shows
various DC-DC converters with the relation between the output and input voltage along with
advantages and disadvantages.

TABLEI.  COMPARISION OF VARIOUS DC-DC CONVERTERS [28]

CONVERTER OUTPUT ADVANTAGE DIS-ADVANTAGES

Discontinuous input
Lesser number of current, high input
Buck Vo=Vsx*D ) )
components voltage ripple, high stress
across device.
Discontinuous output
Vs Lesser number of current, high ripple in
Boost Vo = . .
1-D components input voltage, high stress
across device.
High ripple in input
Vs*D Lesser number of voltage, high stress
Buck-Boost Vo= . :
1-D components across device, negative
output voltage
Continuous current | Large number of passive
present at input and components, large
Vs D . . : :
Cuk Vo = 1S *D output, reduction in | inductor size, high stress
input and output across device, inverting
current. output voltage.




Large input inductor and
Vs %D Voltage stress is less | large output capacitor,
SEPIC Vo=—" -
1-D than cuk converter discontinuous output
current.
Large input inductor and
Vs %D Output current ripple | large output capacitor,
Zeta Vo = . :
1-D is less output current is
discontinuous.
Large input inductor and
Vs %D Output current ripple | large output capacitor,
Luo Vo = ] .
1-D is less output current is
discontinuous.
Simple and
D Ns inexpensive, high High voltage stress and
Vo=1Vs (=) o
Flyback 1-D Np voltage can be lower efficiency
obtained easily.
Ns .
Forward Vo =VsD (N—p) Cost is less
Ns Used in high power Duty ratio cannot be
Push-Pull Vo = 2VsD(—) o
Np application more than 50%
Fewer component, High electric stress,
Ns
Half-Bridge Vo = VsD(N—p) lower cost, simple discontinuous output
control current
Lower electrical
) More components are
. Ns stress, high _
Full-Bridge Vo = 2VsD(—) ) ] present, control is
Np conversion ratio and )
complex, higher cost.
power level.

*V, = Output Voltage

* Vs = Input Voltage
* D = Duty Ratio

* Nsand 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 Sl
(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, cos¢ is used to express the power factor, where ¢ 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:

_ P
TV x]
were, PF=Power Factor, P= Active Power

LI T .

\/S@ o= Vin?lin / v

PF (2.1)

AD: AD: >

wt —»

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

waveforms
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The rms voltage and current are represented by V and | 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 = \/112 + 15+ 4 .. (2.2)

In this equation, Iz, I2, ..., In are respectively the fundamental component, second
harmonic, ..., and N™ 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 a, as indicated in the diagram below:

4 Vi

I1
Vi
I1 »

Fig 2.2 Waveforms of Input Voltage (Vi) and Fundamental Component of Current (1)

P =VIcosa (2.3)
where, the angle between input voltage Vjand fundamental component of current 1z is
the phase difference and is denoted by a. The power factor is calculated as,

VIicosa I,cosa

PF = 2.4
Vi 1 (24)
The ratio of fundamental component of current to the rms current is calculated as,
I I
1= ! (2.5)
I J2+E2+-+12+.
where, I, Iz, ..., In are rms value of the fundamental component, second harmonic, ...,

and N harmonic. The equation above describes the relative magnitude of the fundamental
current, which is called distortion factor. And cosa is called displacement factor, and the power
factor equals the distortion factor times the displacement factor.

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

PF
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 = —= 2.7
I 7 @7

I (IF+I2+-+13+.)
-

where, In 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:

I 1

1 \ir T 8
And when a = 0,
pr=fio 1 (2.9)
I V1+THD?

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 aresult, 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.

Conventional SEPIC Converter

__________ Flyback Converter
DBR  FILTER r 5 | y
Il —> ' —> Ich
I g —M
Li Do Df

-@Si Comm=

Lo == Cch "==\Vch

™1

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 L,, and L, at stage-lI along with two
switches Sm and Sa with auxiliary components like C, and D,,, 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,
(3D +1)
(1-D)

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

Gain =

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.
Efficiency of converter is improved.

Simple control topology.

Switched Inductor SEPIC Converter

Vs@

Current
Controller

I

| Pwm
| Generator
I

I

Voltage
Controller

Sawtooth

Generator, St Voltage

Controller Veh*

SI'SEPIC CONTROL UNIT-1

FLYBACK CONTROL UNIT-2
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 L,, and L, at stage-l along with two
switches Sm and S, with auxiliary components like C, and D,,, used to provide high gain to
the converter. The inductance L, is designed for DCM operation. Different modes of this
converter are explained below:

MODE 1: Both the switches S,,, and S,, are turned on simultaneously, Fig 3.3(a). The current
through the inductance L,, and L, starts increasing linearly as in Fig 3.4. Both of the diodes
i.e. D,, and D,,, remains reverse bias in this mode. Capacitors C, and C, starts to discharge in
this mode through S,,, and S,,.

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

the expressions of voltage across switched inductors (V;,,, V5,) and inductor voltage (V;,):

N

Vim = Vig = Vem = L=2 (3.1)
dipo _

Vio = Lo —2 ZVeq+Von Vs (3.2)

where, Vs is the peak input voltage and i is current through inductor Ly and La.

MODE 2: Both the switches Sm and S, 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:

Vom + Ves = Vo di,

Vim = Vg = - 5 - LE (3.3)
di
Vo=Lo—== Vs (34)

where, V, is the output voltage of SI-SEPIC converter across the C, 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 io freewheels through the path shown. Using KVL in the closed path, the
expressions of voltage is:
Vim + Via + Vea = Vom + Ves + Vo (3.5)
Voltages Vim, Via and Vi, are considered zero during the steady state. Therefore,
equation (3.5) becomes,

Vea = Vom + Vg (3.6)
The input and output voltage over one switching cycle is:

1 ([ PTs 5 Ve — Vo +V,

— f Vemdt + f 2 Zdt)=0 (3.7)

Ts \Jo DT 2

1 DTy Ts
_<f Ve + Veq — Vi)dt + f - Vcsdt> =0 (3.8)

s \Jo DT

Vg T Sm, Sa ON Sm, Sa OFF Sm, Sa ON
T —

to t1 t2 t3
t (time) ——

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

The voltage across capacitors C, and Cs can be calculated by using the equations (3.5),
(3.6), (3.7) and (3.8)

2D
Ves = 7= Vom (3.9)
3D+1
Vea = 1-D Vem (3.10)
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Using above equations, the voltage gain across the SI-SEPIC converter is given as:
M. = Vo 3D+1 311

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 St is turned ON. During this mode the energy is stored in the
inductance Ly, as the magnetizing current rises linearly. The diode Ds is in OFF state which
means there is no transfer of energy between primary and secondary.

In Mode 2, St is turned OFF. The voltage across the primary reduces and positive
voltage is applied to diode Dy, 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 Cen.

3.4 Design Considerations of SI-SEPIC Converter

The instantaneous source voltage is,
V.(t) = V,V2sin(2mft) (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 V, and peak input voltage Vsm can be

given as,
3D+1
Vo= <=5 Vom (3.13)
The Duty Ratio of the proposed converter is,
D= Yo = Vom (3.14)
Vo + 3Vsm

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

compared to the conventional SEPIC converter
Vo - Vsm

= — 3.15
Vo + Vem G.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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_ VemD
 OiL,f,
where, o is the permissible ripple in input current and fs is the switching frequency SI-SEPIC

Ly, =L, (3.16)

converter.
The value of transfer capacitor Cs and auxiliary capacitor C, are considered same and can be
calculated from the equation given below,
Co=C, = il (3.17)
PV2Vinfs(V2Vm + Vp)

where, P; is the input Power and p is the permissible ripple in voltage. The inductance Lo in

DCM can be expressed as,
VZ\ 1 V, -V,
L, = sSmy__—_° Sm (3.18)
Pi JfsVo + 3Vsm
The value of output capacitor C, is designed in such a way that the battery current remains
uniform at the output. The expression of C, is,
I
Co = 2wAV,

(3.19)

where, A is the permissible voltage ripple in output and w 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 V,,, Duty cycle C, and Vch can be given as,

_ nD, v
~1-D, °

Ven (3.20)

where, V., is the output voltage of charger and V, is the output voltage of SI-SEPIC
converter, acts as the input of Flyback converter. The capacitor C,, is used to provide rated

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

D,V
Con = V‘; < (3.21)
fsw (ﬁ) ASVch
The magnetising inductance is given as,
V,D,)?
(VoD,) (322)

= 2Vchlchfsw
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,

Im
Crmax = Wtan@ (3.23)
m
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where, 6 is the angle of displacement between the measured source current and
fundamental component of supply voltage. f. is defined as filter cut off frequency which chosen
to be 1/10" of switching frequency for eliminating higher order switching harmonics. The

expression of filter inductance is given as,
1

Ly = ——=
f 47T2szCf

(3.24)
Table 111 shows the parameters of the proposed converter used for the design of converter.

TABLEI.  SPECIFICATIONS OF PROPOSED CONVERTER

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 VVoltage (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 (o) 10%
12. Ripple Voltage across Cs (p) 10%
13. Ripple Voltage across Co (A) 3%
14. Ripple Voltage across Ceh (€) 0.1%
15. Input Inductance (Lm, La) 0.16mH
16. Transfer Capacitance (Cs) SufF
17. Auxiliary Capacitance (Ca) SufF
18 Output Inductance (Lo) 3.57uH
19. Filter Capacitance (Cy) 900uF
20. Filter Inductance (L¢) 1mH
21. DC-Link Capacitance (Co) 250uF
22. Magnetic Inductance (Lmg) 240uH
23. Output Capacitance (Ccn) 1000uF
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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, VVoltage error signal is generated on comparing Ve With Vc_ref as,

Voe (k) = Vac, (k) = Vyc (k) (3.25)
lom |X|
Vem ||

Gate

PI PI
CONTROL —>) x ‘ CONTROL
Vdc_ref V.
e |sme

| sm_ref

Ve /l/l/l/ T

Sawtooth
Generator, St

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 (V) is compared with the reference voltage (V. rf) to generate error in
voltage (V) 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 P1 Controller is used to control
the current. The output of Pl based current controller is compared with saw-tooth carrier
waveform to generate the switching pulsed which are given to switches S,,, S, 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

Ich Gate
Current AN
Control
Pl Pl
Ven* CONTROL CONTROL
*
Voltage Ich Iche
Control
Veh NN
Sawtooth

Generator, St

Fig 3.6 Controller design of flyback converter

The controller of flyback converter consists of cascaded PI controller. Pl controlled
current and voltage signals are utilised to provide CC-CV charging. During CC charging, the
battery current Icn and reference battery current 17, are compared and an error signal lcne is
generated,

Iene (k) = I2,(K) = Ien (k) (3.26)

During CV charging, the current PI controller remains inactive. The sensed battery
voltage (Vcn) and reference battery voltage (V) are compared and an error signal (Vcne) is
generated,

Vene (k) = Ver (k) = Vep (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.

Phase CC Phase CV
Constant Current Constant VVoltage
= i <
g i =
= A 3
> >
S S
D D
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3] [3~]
[aa] m
Time (Sec)

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 + Vac, Where Vg is the
DC-Link voltage of Zeta converter and Vi 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 (Ds, Dg) which are
being added at the input and one switch S,. By the help of clamping diodes, the voltage stress
across the devices by clamping the voltage across the switches at input voltage Vi, which is
half as compared with conventional Zeta Converter (Vin + Vac). 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 (C).

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 (Vy; =

Vs, = Vi) in comparison with the conventional Zeta converter (Vg1 g, = Vi + Vge)

because of the use of clamping diodes (Ds, D).

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

a. The peak voltage stress across the modified zeta converter is (Vy, = Vi, = V;,,) whereas

conventional Zeta converter voltage stress is given as (Vg1 52 = Vi + Vgc) , 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
(Ds, De).

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:

VSL2 e ——— — — DT ————— e DT —

N )& del(iLo)
_____ A
i __ ~ ___
X —
e
______ — _ _ __

MODE | MODE Il MODE 111

t (time) >

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

Converter
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Mode-1: In this mode, gating signals are provided to both switches S; and S,. As it
can be seen in Fig 4.3 and 4.4 (a), the inductance L; starts charging from supply as shown in

the waveforms. Since the inductance L, starts to store the energy, the voltage of the transfer
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capacitance Cj began to reduce. At this instant, the diode D, does not conduct as it will be
reverse biased.

Mode-I1: Both switches S;, S, are turned OFF i.e., both switches are in OFF state. The
clamping diodes D and Dg and D, (Output Diode) are forward biased as given in Fig 4.3 and
Fig 4.4 (b). During this period, inductance L; starts discharging via the diodes Ds and Dy.
Transfer capacitance C; starts charging by making D, as forward biased. The output inductance
Lo supplies to the next stage by the help of diode D, and the DC-Link capacitor Cqc.

Mode-I11: In this mode, switches S;, S, and the clamping diodes (Ds, Dg) 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 Ljand Lo in
such a way that the diode current (lq0) is reduced to zero which can be observed in the
waveforms of I, Lo and l4e Shown in the Fig 4.3. The capacitance C; (transfer capacitance)
helps to provide sufficient energy to the load by the help of inductance Lo and DC-Link
Capacitance Cgc.

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

Vs1 =Vs2 = Vi (4.1)
whereas, conventional Zeta converter voltage stress is given as
Vsi,s2 = Vin + Vac (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 (Ds, D).

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,

V V
D(t) — dc — dc
vi() + Voo veV2 + Ve

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

= 0.49 (4.3)

switching frequency is taken as 20KHz.

The critical input inductance (L;) is calculated as,
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Vsz> Ts Vdc
Li=—]|].—.————=0.71mH 4.4
' < P ) 2 V24V, (+4)

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

series Capacitance (C;) is calculated as,
P

Ci =
5fs (VsV2 + Vy,)

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

~ = 0.94uF (4.5)

The critical output inductor (L,) is given as,

2\ 1 v,
L, = (L) — <¢> = 5.58mH (4.6)
P ) efs \Vev2 +Vy,

where, € is permissible ripple in the current of output inductor and is taken as 25%. The
DC-Link capacitance (Cy4.) of the modified zeta converter is calculated as,

C.. = Idc —
72X 2mfoVy 2 X 2mfAVq,

= 600uF (4.7)

d is voltage ripple considered for output capacitance and A is voltage ripple considered
for DC-Link capacitance and are taken as 0.2% and 2.5% respectively.

The filter capacitance (Cr) and filter inductance (Ly) is calculated as,
C; = -5 = 895nF (4.8)

L_l 1 l lo.04><vs2

where, £. is the critical frequency and is equal to 1/10" of the switching frequency f;. So,

= 6.96mH (4.9)

the value of f: 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,

= Yac = 309 = 2.307 (4.10)
2V, 2% 65
The peak current of the resonant tank (I, z) is determined as,
2mP,
LR = ch
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,_2X314x850
R 2x300
where Po is the output Power and taking resonant frequency (f,.) to be equal to 50kHz,

= 8.894 (4.11)

the Resonant Capacitor (C,-) can be calculated as,

ILR

N 21 f, (Vdc/z)

C,

. 8.89
" 2x3.14x (300/,) x 50 x 102

= 188.74nF (4.12)

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

inductor (L,.) is chosen 6. These inductances can be calculated as,
1

Ly=——
" @2nf)?xC,
1
L, = —53.73uH  (4.13
T T (2x3.14 x50 x 10-3)? x 188.74 x 10-° i (413)
L, = 6L, = 6 x 53.73uH = 321.75uH (4.14)

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

modified Zeta converter respectively.

TABLEIV. SPECIFICATIONS OF MODIFIED ZETA CONVERTER

S.NO. SPECIFICATIONS VALUES
1. Input Voltage,V; (Modified Zeta) 220V
2. Output Voltage/ Current (V;./14.) (Modified Zeta) 300V/4.23A
3. Switching Frequency f; (Modified Zeta) 20 kHz
4, Input Voltage,V; (LLC Resonant) 300V DC
5. Output Voltage/ Current (V;./14.) (LLC Resonant) 65V/ 13.07A
6. Resonant Frequency £, (LLC Resonant) 50 kHz
7. Power (P) 850 W
8. Voltage ripple taken for series capacitance C; (&) 12%
Q. Current ripple taken for L, output inductor (¢) 25%
10. Voltage ripple taken for output capacitance (d) 0.2%
11. Voltage ripple taken for DC-Link capacitance (1) 2.5%
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TABLEV. DESIGN PARAMETERS OF MODIFIED ZETA CONVERTER

1. Critical Input Inductor (L;) 0.71mH
2. Critical Series Capacitor (C;) 0.94uF
3. Critical Output Inductor (L,) 5.58mH
4. DC-Link Capacitance (Cg.) 600uF
5. Filter Capacitance (Cy) 895nF
6. Filter Inductance (Ly) 6.96mH
7. Resonant Capacitor (C,) 188.74nF
8. Magnetizing Inductance (L,,) 53.73uH
9. Resonant Inductor (L,) 321.75uH

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.

45.1 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.

Vs PLL IVsine/
Iif ZETA CONTROLLER
\ AN T
Viae* ve , |PI-voltage| = v le[P1-Current @ /l/l/] "
Controller Controller| S1,S2

ILde PWM Controller
Vdc

Fig. 4.5 Controller of Modified Zeta Converter

The DC-Link voltage (V,.) is compared to the reference voltage (V") which generates

error in voltage () and that error is provided to PI-Voltage Controller. This output is the
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modulating current signal (I,4.) and is multiplied by unit template of AC mains voltage to
generate reference current for the primary inductor current (I,/"). The current error (I,) is
calculated by comparing the reference current (I,+*) to the primary inductor current (I,,¢) using
the P1-Current controller. The output of Pl based current controller is compared with saw-tooth
carrier waveform to generate the switching pulsed which are given to switches S;, S, of the

modified Zeta Converter.

45.2 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
Pl-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.

Ve | pl-Voltage
Vo* —» PFM |—>
Controller Q1,02

Vo
LLC RESONANT CONTROLLER

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,

ide(n) = ide(n - 1) + Gpv{ve(n) — Ve (n - 1)} + Gpive(n) (415)

Where Gpyv and Gy 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,
I (n) = Ige(n) X vsine(n) (4.16)
The current error (l¢) is passed through the PI controller and resultant is expressed as,
dn) =dn—1) + Gpi{l.(n) — I,(n — D} + Gl (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 Pl controller and output is

given as,
f) =fn—1+ Gpuclle() —Vo(n — D} + GiygcVe(n) (4.18)

Where Gpiic is the proportional gain and Giic 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.

¢) The converter consists of switched inductors L,,, and L, at stage-l along with two

switches Sm and S, with auxiliary components like C, and D,,, 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

LCFILTER —:@
@ SI-SEPIC CONVERTER

=

FLYBACK CONVERTER

H
£

SPWM Controller of
SI-SEPIC Converter

O O]
[]

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 ({) 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.
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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.
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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.
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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 Sy and Sa.
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Fig 5.9 SPWM comparator and Switching signals given to Saand Sy

In Fig 5.10, the input voltage (Vin) and Input current (lin) 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.
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Fig. 5.10 Vin and lin of SI-SEPIC converter
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Output Voltage and Current(DBR)
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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.
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Fig 5.12 Battery SOC, Battery Voltage and Battery Current
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Harmonic power factor is related to total harmonic distortion (THD), which can be

calculated by the help of given equation

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

Power Factor =

1

I
THD = 2 =
I

Vv1+ THD?

(IZ+ 12+ -+ 12+..)
If
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where, I3, I, ..., I are rms value of current the fundamental component, second
harmonic, ..., and N harmonic and In 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.
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Fig 5.13 THD (%) in input current using SPWM controller
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Fig. 5.14 Voltage and Current across auxiliary switches Saand Sy

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.

TABLEVI.  COMPARISION OF CONTROLLER

Parameters PWM Control SPWM Control
Technique Technique

Power Factor 0.92 0.94
Efficiency (%0) 90% 92.8%

THD (%) 4.81% 3.66%

3@ harmonic component (%) 3.6% 2.9%
Output Current Ripple (Al,) 0.15A 0.04A
Output Voltage Ripple (AV,) 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 (Ds, Dg) which are being added at the
input and one switch S,. 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+ Vac). 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 (L), 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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T s o a 4 ’,3
| |:1|:_1] + |- —>
| | U —H o | |
| Xp1 AD2 I I N al r D64 D7 R |
Is | | . | | Cr |
| LE Koo, —[MB]—LI - M- N2 +
L de T=dd Lt
v ! I T o=l =
| I I I
| | | ik im b
| - -’ | ‘"-i 1|DO | 4 -+ |
| AD3 A D4 | | L D3A D9A
! , | '
I 4 1 I [ I
L _ - _ ____ L= —
Vs Digital |Vsine|

PLL

If PEC ZETACONTROLLER  LLCRESONANT CONTROLLER

+_ Vi
Vo* ¢ Voltage

> —>
Vdc* Ve | Voltage Q Current |C, | /1/14 L Controller i) a1, Q2
Controller Controller s1 Vo
ildc
Vd PWM Controller

C

Q.

Fig. 5.15 Battery Charger with Conventional Zeta Converter fed HB-LLC Resonant

Converter

ZETA Fed LLC Resonant Converter For EV Battery Charger

LLC Resonant Converter

:@ L =

(]
‘ : #| Regulatar PP Conbelir

- ' —“' o Name - Rishita Shukla
‘ | 2K20/PESHT

| & MTech-PES

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

Resonant Converter

48



DBR LCFILTER MODIFIED PFC ZETA CONTROLLER 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.
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Time (seconds)

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.

Current (A)
[—1 [ S ] L= (=2

Time (seconds)

Fig. 5.20 Output Inductor Current of Modified Zeta Converter
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Fig. 5.21 Input Inductor Current of Modified Zeta Converter
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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 C, and the voltage is observed to be 320V and in Fig
5.24 the current waveforms of L, and L,, which shows that the converter is operating near
resonant frequency (f;.). The peak amplitude of resonant current is 11.56 A and peak amplitude

of magnetizing current is 2.87A.

0.6771 0.67712  0.67714  0.67716  0.67718  0.6772 0.67722
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Fig. 5.23 Voltage across resonant capacitance (V;)
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Fig. 5.24 Magnetizing inductance and resonant inductance Current waveform (I,,- and I,,,)

The diode current (lg) 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 (lg1) 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.
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Fig. 5.25 Diode Current (lg) of LLC Resonant Converter
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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 (lo).
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.
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Fig. 5.27 Output Current (A) waveform of HB-LLC Resonant Converter
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Fig. 5.28 Output Voltage (V) waveform of HB-LLC Resonant Converter
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Fig. 5.29 Total Harmonic Distortion (THD) of Conventional Zeta Converter
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FFT window: 10 of 25.73 cycles of selected signal
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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.
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Fig. 5.31 Waveform of voltage (V) and current (1) over different supply voltage (Vs)

54



5.3.3 Comparison of Modified Zeta with Conventional Zeta Converter
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across device of Modified Zeta Converter and Conventional Zeta Converter
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In this section, the comparison of efficiency (), 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 (V;;,)

and the DC-Link voltage(V,.). So, for a conventional converter the voltage stress is:
Vsi,s2 = Vin + Vac (5.3)
But voltage stress of Modified zeta converter-based EV charger is:
Va1 =V =V} (5.4)

which is quite low as compared to conventional counterpart, which is because of the
use of the clamping diodes D;, D,. 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.

TAaBLEVII. COMPARISION OF CONVENTIONAL AND MODIFIED ZETA CONVERTER BASED EV

CHARGER
Conventional Zeta Modified Zeta
Parameters Converter based EV Converter based EV
charger charger
Power Factor 0.92 0.98
Efficiency (%0) 89% 92.5%
THD (%) 4.02% 1.88%
3¢ 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 3" 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.

e 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.

e |t 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.

e 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.

e SPWM controller provides better performance by improving the power factor,
reducing the THD and 3" order current harmonic and thereby improves the overall
efficiency of the EV Charger.

e 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.

58



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 (Ds, D) 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 (Ds, Dg) 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.

60



REFERENCES

“

[1] C. C. Chan and K. T. Chau, "An overview of power electronics in electric vehicles," in
IEEE Transactions on Industrial Electronics, vol. 44, no. 1, pp. 3-13, Feb. 1997.

[2] S. Habib et al., "Contemporary trends in power electronics converters for charging
solutions of electric vehicles," in CSEE Journal of Power and Energy Systems, vol. 6, no.
4, pp. 911-929, Dec. 2020.

[3] M. Akil, E. Kilic, R. Bayindir, A. Sebati and R. Malek, "Uncoordinated Charging Profile
of EVs Based on An Actual Charging Session Data,"” 2021 10th International Conference
on Renewable Energy Research and Application (ICRERA), 2021, pp. 459-462.

[4] A. Khaligh and S. Dusmez, "Comprehensive Topological Analysis of Conductive and
Inductive Charging Solutions for Plug-In Electric Vehicles,” in IEEE Transactions on
Vehicular Technology, vol. 61, no. 8, pp. 3475-3489, Oct. 2012.

[5] L. Sarker, M. Nazir and M. A. Razzak, "Harmonics Reduction and Power Factor
Correction for Electric Vehicle Charging System,” 2021 Innovations in Power and
Advanced Computing Technologies (i-PACT), 2021.

[6] Arindam Ghosh, Gerard Ledwich, "POWER QUALITY ENHANCEMENT USING
CUSTOM POWER DEVICES" by Kluwer Academic Publishers in 2002.

[7] S.Jha, P. C. Sekhar and K. S. Prakash, "A Multi-Functional Power Electronics Converter
Configuration for Electric Vehicles,” 2021 National Power Electronics Conference
(NPEC), 2021, pp. 1-6.

[8] B.Singh, S. Singh, A. Chandra and K. Al-Haddad, "Comprehensive Study of Single-Phase
AC-DC Power Factor Corrected Converters with High-Frequency lIsolation,” in IEEE
Transactions on Industrial Informatics, vol. 7, no. 4, pp. 540-556, Nov. 2011.

[9] R. Kushwaha and B. Singh, "An improved power quality-based PFC converter for EV
battery charger,” 2016 IEEE International Conference on Power Electronics, Drives and
Energy Systems (PEDES), 2016, pp. 1-6.

[10] Cong-Long Nguyen, Hong-Hee Lee and Sung-Jin Choi, "Power factor control scheme for
zero current harmonics of battery charger in EVs," 2012 IEEE Vehicle Power and

Propulsion Conference, 2012.

61



[11]S. Jha, P. C. Sekhar and K. S. Prakash, "A Multi-Functional Power Electronics Converter
Configuration for Electric Vehicles,” 2021 National Power Electronics Conference
(NPEC), 2021.

[12]S. LIU, J. JIANG and G. CHENG, "Research on Vector Control Strategy of Three Phase
VIENNA Rectifier Employed in EV Charger,” 2019 Chinese Control and Decision
Conference (CCDC), 2019.

[13] Shafiee, S., et al.: Investigating the impacts of plug-in hybrid electric vehicles on power
distribution systems. IEEE Trans. Smart Grid. 4(3), 1351- 1360 (201

[14] Marjan Shafiee Rad, M. Kazerooni, M. J. Ghorbany and H. Mokhtari, "Analysis of the
grid harmonics and their impacts on distribution transformers,” 2012 IEEE Power and
Energy Conference at Illinois, 2012.

[15] Qun Zhao, F. C. Lee and Fu-sheng Tsai, "Voltage and current stress reduction in single-
stage power factor correction AC/DC converters with bulk capacitor voltage feedback," in
IEEE Transactions on Power Electronics, vol. 17, no. 4, pp. 477-484, July 2002.

[16]H. Lin, W. Chu, C. Tsai and W. Su, "A digitally variable on-time controlled PFC flyback
converter with primary-side regulation,” 2018 7th International Symposium on Next
Generation Electronics (ISNE), 2018.

[17]Lin, R., Huang, L.: Efficiency improvement on LLC resonant converter using integrated
LCLC resonant transformer. IEEE Trans. Ind. Appl. 54(2), 1756-17.

[18] Wang, Y., et al.: A single-stage LED driver based on interleaved buck—boost circuit and
LLC resonant converter. IEEE J. Emerg. Sel. Topics Power Electron. 3(3), 732-741
(2015).

[19] Moschopoulos, G., Jain, P.: Single-phase single-stage power-factor- corrected converter
topologies. IEEE Trans. Ind. Electron. 52(1), 23-35 (2005).

[20] M. Shojaie and O. A. Mohammed, "A Multi-input DC-DC Converter with AC-DC PFC
Buck-boost Stage for Hybrid Energy storage Systems," SoutheastCon 2018, 2018.

[21]P. S. Pathare and V. M. Panchade, "Power Quality Improvement of BLDC Motor Drive
using Cuk PFC Converter,” 2020 IEEE International Conference on Computing, Power
and Communication Technologies (GUCON), 2020.

[22] G. I. Kishore and R. K. Tripathi, "Single-phase PFC converter using modified multiplier
SEPIC converter for high voltage DC applications,” 2017 4th IEEE Uttar Pradesh Section

International Conference on Electrical, Computer and Electronics (UPCON), 2017.

62



[23] A. Jha and B. Singh, "Bridgeless ZETA PFC converter for low voltage high current LED
driver,” 2017 6th International Conference on Computer Applications in Electrical
Engineering-Recent Advances (CERA), 2017.

[24]H. Lin, W. Chu, C. Tsai and W. Su, "A digitally variable on-time controlled PFC flyback
converter with primary-side regulation,” 2018 7th International Symposium on Next
Generation Electronics (ISNE), 2018.

[25] Divya Prabha M.V. and Seema P.N., "A novel topology of forward-flyback PFC converter
with constant on-time control,” 2015 International Conference on Technological
Advancements in Power and Energy (TAP Energy), 2015.

[26] U. Suprabha Padiyar and R. Kalpana, "Design & Analysis of Push-pull Converter Fed
Battery Charger for Electric Vehicle Application,” 2022 IEEE International Conference
on Power Electronics, Smart Grid, and Renewable Energy (PESGRE), 2022.

[27]B. Singh and R. Pandey, "Improved power quality buck-boost converter fed LLC resonant
converter for induction heater,” 2016 IEEE 6th International Conference on Power
Systems (ICPS), 2016.

[28] Huai Wei and |. Batarseh, "Comparison of basic converter topologies for power factor
correction,"” Proceedings IEEE Southeastcon '98 'Engineering for a New Era’, 1998.

[29] Hua Bai and Chris Mi, “Comparison and evaluation of different DC/DC topologies for
plug—in hybrid electric vehicle chargers,” Int. J. Power Electron, vol. 4, no. 2, pp. 119—
133, Feb. 2012.

[30] T. Mishima and S. Mitsui, "A Single-Stage High Frequency-link Modular Three-Phase
Soft-Switching AC-DC Converter for EV Battery Charger,” 2019 IEEE Energy
Conversion Congress and Exposition (ECCE), 2019.

[31] B. LEE, J. LEE and D. KANG, "An Isolated PFC Converter with Harmonic Modulation
Technique for EV Chargers," 2018 International Power Electronics Conference (IPEC-
Niigata 2018 -ECCE Asia), 2018.

[32] Y. Fukaishi, K. Higuchi, H. Furuya and Y. Satake, "Design of robust digital controller for
interleave PFC boost converter with DC-DC converter load,” 2012 IEEE International
Conference on Electron Devices and Solid State Circuit (EDSSC), 2012.

[33]S. -H. Lee and M. -J. Kim, "High Efficiency Isolated Resonant PFC Converter for Two-
stage AC-DC Converter with Enhanced Performance,” 2019 IEEE Energy Conversion
Congress and Exposition (ECCE), 2019, pp. 1120-1124.

63



[34] Y. Wang, Y. Guan, J. Huang, W. Wang and D. Xu, "A Single-Stage LED Driver Based
on Interleaved Buck—Boost Circuit and LLC Resonant Converter,” in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 3, no. 3, pp. 732-741, Sept. 2015.

[35] M. Yilmaz and P. T. Krein, "Review of Battery Charger Topologies, Charging Power
Levels, and Infrastructure for Plug-In Electric and Hybrid Vehicles," in IEEE Transactions
on Power Electronics, vol. 28, no. 5, pp. 2151-2169, May 2013.

[36] M. G. Egan, D. L. O'Sullivan, J. G. Hayes, M. J. Willers and C. P. Henze, "Power-Factor-
Corrected Single-Stage Inductive Charger for Electric Vehicle Batteries,” in IEEE
Transactions on Industrial Electronics, vol. 54, no. 2, pp. 1217-1226, April 2007.

[37]S. Gao, Y. Wang, Y. Guan and D. Xu, "A High Step Up SEPIC-Based Converter Based
on Partly Interleaved Transformer," in IEEE Transactions on Industrial Electronics, vol.
67, no. 2, pp. 1455-1465, Feb. 2020.

[38] R. Moradpour, H. Ardi and A. Tavakoli, "Design and Implementation of a New SEPIC-
Based High Step-Up DC/DC Converter for Renewable Energy Applications,” in IEEE
Transactions on Industrial Electronics, vol. 65, no. 2, pp. 1290-1297, Feb. 2018.

[39]S. Lee and H. Do, "Zero-Ripple Input-Current High-Step-Up Boost-SEPIC DC-DC
Converter with Reduced Switch-Voltage Stress,” in IEEE Transactions on Power
Electronics, vol. 32, no. 8, pp. 6170-6177, Aug. 2017.

[40]P. Crisbin and M. Sasikumar, "Analysis of PFC cuk and PFC sepic converter based
intelligent controller fed BLDC motor drive,” 2016 Second International Conference on
Science Technology Engineering and Management (ICONSTEM), 2016.

[41] Y. Onal and Y. Sozer, "Bridgeless SEPIC PFC converter for low total harmonic distortion
and high power factor," 2016 IEEE Applied Power Electronics Conference and Exposition
(APEC), 2016.

[42]H. -M. Huang, S. -H. Twu, S. -J. Cheng and H. -J. Chiu, "A Single-Stage SEPIC PFC
Converter for Multiple Lighting LED Lamps," 4th IEEE International Symposium on
Electronic Design, Test and Applications (delta 2008), 2008.

[43] X. Lin,J. Luo and S. Ding, "New Single-Phase Bridgeless High-Voltage-Gain SEPIC PFC
Converters with Improved Efficiency,” 2021 IEEE 3rd International Conference on
Circuits and Systems (ICCS), 2021.

[44] X. Lin and F. Wang, "High step-up voltage gain AC-DC rectifier based on transformer
less switched-inductor converter for power factor correction,” 2018 13th IEEE Conference
on Industrial Electronics and Applications (ICIEA), 2018.

64



[45]H. Wang, S. Dusmez and A. Khaligh, "A novel approach to design EV battery chargers
using SEPIC PFC stage and optimal operating point tracking technique for LLC
converter,” 2014 IEEE Applied Power Electronics Conference and Exposition - APEC
2014, 2014.

[46] A. Anand and B. Singh, "PFC Based Integrated SEPIC-Flyback Dual Output Converter
Fed SRM Drive," 2018 IEEE International Conference on Power Electronics, Drives and
Energy Systems (PEDES), 2018.

[47]S. Hariprasath and R. Balamurugan, "A valley-fill SEPIC-derived power factor correction
topology for LED lighting applications using one cycle control technique,” 2013
International Conference on Computer Communication and Informatics, 2013.

[48] Kushwaha, R, Singh, B. “A high-power quality battery charger for light electric vehicle
using switched inductor PFC converter” IET Power Electron. 2021; 14: 120— 131.

[49]M. Khodabandeh, E. Afshari and M. Amirabadi, "A Family of Cuk, Zeta, and SEPIC
Based Soft-Switching DC-DC Converters," IEEE Trans. Power Electronics, vol. 34, no.
10, pp. 9503-9519, Oct. 20109.

[50]H. Chen, X. Hu, Y. Huang, M. Zhang and B. Gao, "Improved DC— DC converter topology
for high step-up applications,” IET Circuits, Devices & Systems, vol. 13, no. 1, pp. 51-60,
1 20109.

[51] M. R. Banaei and H. A. F. Bonab, "A High Efficiency Nonisolated Buck—Boost Converter
Based on ZETA Converter," IEEE Trans. Industrial Electronics, vol. 67, no. 3, pp. 1991-
1998, March 2020.

[52][ A. M. S. S. Andrade, H. L. Hey, L. Schuch and M. L. da Silva Martins, "Comparative
Evaluation of Single Switch High-Voltage Step-Up Topologies Based on Boost and Zeta
PWM Cells,” IEEE Trans Ind. Electronics, vol. 65, no. 3, pp. 2322-2334, March 2018.

65



PUBLICATIONS

The work has been accepted and presented into the following publications:

Title of the Paper:

PFC of SI-SEPIC and Flyback
Converter for EV Applications

Author names:

IRishita Shukla and 2Mr. Krishna Dutt

Name of Conference:

7" International  Conference  for

Convergence in Technology (12CT)

Name of Organizer:

Global Institute of Business Management
& Decision Sciences (GIBDS), Pune, India

1. IEEE Bombay Section
Conference Date with Venue: April 70 — April 9" 2022
Virtual Mode
Have you registered for the Conference? | Yes
Status of the paper: Accepted and Presented
Date of Communication: 23" November, 2021
Date of Acceptance: 6" December, 2021
Publication Platform: IEEE Xplore
Title of the Paper: A Modified Zeta Converter Fed with
HB-LLC Resonant Converter for Power
Factor Correction
Author names: !Rishita Shukla and ?Mr. Krishna Dutt
Name of Conference: IEEE Region 10 Symposium (TENSYMP)
Name of Organizer: II'T Bombay and IEEE Bombay Section
Conference Date with Venue: July 015t— July 03" 2022
2. Virtual Mode
Have you registered for the Conference? | Yes
Status of the paper: Accepted

Date of Communication:

27" February, 2020

Date of Acceptance:

12" April, 2022

Publication Platform:

IEEE Xplore

66




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 Class-B Class-C Class-D
[Al [A] [%0] [mA/W]
Odd Harmonics
3 2.3 3.45 30xA* 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 - -
0.30 0.45 - -
8<n<40 0.23*8/n 0.345*8/n - -

*\ 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 % 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 95thti[?re]3£centlle short Daily 99th percentile short time
Bus voltage V Individual 0 Individual 0
at PCC harmonic (%) THD (%) harmonic (%) THD (%)
V<1.0kV 5.0 8.0 7.5 12
1kV<V<69
Y 3.0 5.0 4.5 7.5
69kV<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

Individual harmonic limits (Odd harmonics) 2°
Harmonics values are in % of maximum demand load current
Isc/IL TDD
3<h<11 11<h<17 | 17<h<23 | 23<h<35|35<h<50
<20c 4.0 2.0 15 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 45 4.0 15 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 14 20.0
Table 4 (IEEE 519)
Current distortion limits for systems rated 69 kV — 161 kV
Individual harmonic limits (Odd harmonics) &P
Harmonics values are in % of maximum demand load current
Isc/IL TDD
3<h<11 11<h<17 | 11<h<17 | 23<h<35 | 35<h<50
<20°¢ 2.0 1.0 0.75 0.3 0.15 25
20<50 35 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 25 1.0 0.5 7.5
>1000 75 35 3.0 1.25 0.7 10.0

e Daily 99th percentile very short time (3 s) harmonic currents should be less than 2.0

times the values given in the tables below.

o Weekly 99th percentile short time (10 min) harmonic currents should be less than

1.5 times the values given in tables below.

e 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 kV@

Individual harmonic limits (Odd harmonics) &P
Harmonics values are in % of maximum demand load current

s/l 1 3ch<i1 | 11<h<17 | 17<h<23 | 23<h<3s | 235h=50 | TDD
<o5° 1.0 05 0.38 0.15 0.1 15

20<50 2.0 10 0.75 0.3 0.15 25

>50 3.0 15 115 0.45 0.22 3.75

4 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

¢ All power generation equipment is limited to these vales of current distortion,

regardless of actual Isc / I,

Is¢ = maximum short circuit current at PCC

I, = 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(0Q) (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:

/ 1

PFryp= distortion power factor

where,

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:
PFrot = PF *x PFryp (A.3)

where,
PFr,: = total power factor
PF = displacement power factor
PFryp = 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:

Ipeak

CCF = (A.4)

I rms

where
CCF = current crest factor

Lyeqr = peak value of current (in A)

I..,s= root mean square value of current (in A)
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