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ABSTRACT

The design and analysis of Modified LLC Resonant Converter for a single-phase, two-
stage On-Board charger (OBC) for a light load that may operate in the Grid to Vehicle
(G2V) operation mode is presented in this thesis work. The first converter is controlled
for this purpose using a Second Order Generalised Integrator (SOGI) control approach,
which exhibits a stable steady state as well as excellent dynamic behaviour. The first
stage AC-DC converter of an EV (Electric Vehicle) charger plays a very important role
in supporting the grid power factor unity. To maintain the grid's power quality PQ at or
above the international electrotechnical commission's (IEC)-61000-3-2 standard
throughout operations. The efficacy of the design has also been confirmed under a
variety of operational scenarios, including the occurrence of Sag and Swell grid voltage.
The Modified LLC converter, which is utilized in the second stage of DC-DC
conversion, may achieve Zero Voltage Switching (ZVS) for all switches. The modified
LLC converter allows for substantially greater VVoltage conversion while using fewer
switches than a standard LLC converter, which substantially decreases reverse power
and turn-off losses. Always using a discontinuous resonant current, the converter runs.
To reduce the converter's initial inrush current, clamping diodes were included. To
control the switches on the DC-DC converter, a proportional-integral controller is
adopted. The battery voltage and charging current are monitored and managed by a
PWM controller with a constant battery current. The 3.3kW system ratings are subjected
to a thorough simulation investigation. An inductive load has also been linked to the grid

to test the responsiveness of the grid.
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Chapter 1
INTRODUCTION

The conversion to electric vehicles in the global transport network has picked up steam
recently. Electric Vehicle (EV) charger consumption is rising in tandem with this
development. Electric vehicle chargers are going to become a crucial component of the

power system, highlighting the demand for effective charging methods.

1.1 BACKGROUND

The significant developments of electric cars and technological advancement are
presenting new difficulties for the automobile industry [1], resulting in new demands for
upcoming cars, as well as new, as of yet undiscovered transportation technologies. For
instance, drivetrain modernization offers a more sustainable future, while self-driving
vehicles will increase safety, accessibility, and effectiveness [2]. Though these changes
also provide new cost frameworks and additional limitation requirements for vehicle
improvement. When contrasted with automobiles powered by internal combustion
engines (ICEs), BEVs' traction batteries add to the vehicle's weight [3] and cost. In
addition, supplementary power usage and purchasing expenses are impacted by the
sensors and processors in self-driving automobiles (AVs). The capacity of automobile
manufacturers to develop future car ideas and guarantee their success in the automotive
marketplace depends critically on their level of awareness of the latest developments

and the costs associated with them.

Energy transport is a crucial component of the modern renewable energy future.
By using EVs as a transport vector, it grows into a significant technology with a variety
of uses. G2V (Grid to Vehicle) describes the concept that EV batteries are charged from
the grid. Both a current source V2G (Vehicle to Grid) and a voltage source V2L (Vehicle
to Load) may be created from the power that has been retained by battery packs for

electric vehicles [4]-[5].

Vehicle-to-grid (V2G) has also drawn a lot of interest due to the rise of PHEVs

and EVs that can serve as mobile storage units. Having the capacity to discharge battery



energy increases the flexibility of recharging batteries while also enabling stand-alone
loads like rescue operations or exterior lighting. The need for a charger to utilize an EV's
battery power to supply grid-connected loads or autonomous loads is expanding.
Therefore, bidirectional operation, high power density, and reliability are crucial for the
mobile offboard charger [6]. Compared to the upkeep and fuel expenses of conventional
gasoline cars, the vehicle's upkeep expenses and the cost of the energy needed are
significantly cheaper. As can be shown in Fig. 1.1, EVs have substantially less electricity

cost per mile than conventional cars.
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Fig. 1.1. Comparison of savings in cost per kilometer offered by vehicles.

1.2 Breakdown of infrastructure needed for charging electric vehicles:
type, location, and speed

In general, the availability of charging stations is a crucial enabler for the
implementation of EVs. A motorist's demands must be taken into account while
choosing an EV recharging option because there are various speeds, prices, and places
accessible. For lawmakers and market players to optimize the installation of charging
infrastructure, the tactical importance of multiple charging modes, in specific household

charging, voluntarily available charging, and charging at work, must be considered. In



this section, we provide details on the locations and methods of charging used by EV

domestic clients.

1.3 Charging modes

The crispness of pricing extent varies greatly within academic, governmental, and

commercial literature as well as between nations and regions. Here, we use the terms

Level-1 (slow charging), Level-2 (slow to rapid charging utilizing AC), or Direct

Current fast Charging (DCFC) to describe charging ratings. Charging modes 1 (slow), 2

(slow to semi-quick using AC), 3 (semi-fast to fast using AC), and 4 (DC fast charging)

are described by a different rating system that is more often used in Europe. The high-

level alignments of Levels I, Il, DCFC, and the 4 charging modes is shown in Fig. 1.2

[7]1.
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240V
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Level |
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HOURS
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Fig. 1.2. Relative of charging ratings for a 100-kilometer driving distance.



1.4 Power Converters for Charging Stations

The LLC converter is frequently used for bidirectional power flow for various
variable loads due to its soft switching characteristics. All agree that LLC converters
have excellent efficiency, a compact size, and a wide range of zero voltage switching
(ZVS) and zero current switchings (ZCS). For battery charging applications, LLC
converters are being researched to attain high efficiency [8]. The most popular converter
for these applications is the Dual Active Bridge (DAB) converter due to its automated
power flow changes. Even yet, the benefit of an LLC resonant converter over a DAB
converter remains obvious because of its superior soft-switching capabilities [9]. Figure

(3) depicts the benefits of an LLC resonant converter.
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Fig. 1.3. Advantages of the LLC resonant converter

When learning LLC conversion, there are two obstacles to overcome. The first one
is an asymmetrical structure which also increases the issues for the control strategy. The
second is the present gentle start and protection. An asymmetrical two-resonant tank
bidirectional CLLC converter is advantageous [10]-[11]. In both forward and reverse
operations, the voltage gain is similar. However, the logic of control has to be changed
to allow for bidirectional power flow. A bidirectional LC-type regulating method for
LLC LC-type resonant converter was given in Paper [9]. Another way to look at it is



that the recommended [12] symmetrical design might also be made using an auxiliary
inductor. Changing the switching frequency could automatically alter the direction of
power flow. It is challenging to smoothly move between a variety of working modes,
though. [13] described a bidirectional CLTC resonant converter with an extra resonant
capacitor and an auxiliary transformer. These resonant converters' efficiency and

dependability could decline if supplementary devices are added.

Because LLC resonant converters offer superior soft-switching capabilities in
comparison to other converters for any load range, they are the optimal design for the
dc-dc power conversion stage. [14]-[15]. A synchronous rectifier (SR) is frequently
used to detect the current zero-crossing point or detect the device lowered voltage in
order to achieve high conversion efficiency. These SR techniques are frequently used
by LLC converters in unidirectional applications. However, as to the asymmetry of the
configuration and gain characteristics, when working in bidirectional power
applications, the SR must alternate in the middle of the two-side bridges. Sensing both

power direction and changing control logic will make control plan more difficult.

1.5 Motivation

The major objective of this project is to comprehensively simulate and build an
onboard battery charging system for electric cars using a Modified LLC resonant
converter that can operate with a broad range of voltages while maintaining high
efficiency. To lower the initial inrush current, the proposed DC-DC converter has been
redesigned to employ fewer switches. The converter is examined in a grid with a broad
voltage range. The Modified LLC converter is examined in various operating modes to
create the best On-Board Charger. To achieve the necessary power factor under any

circumstance, the input side SOGI controller is employed.

1.6 Outline

As stated previously, the primary goal of the thesis is to develop a battery charging
system in G2V mode under variable grid conditions with the Modified LLC Resonant

Converter. The presented work is as follows:



Chapter-1 This chapter provides the reader with an introduction to Electric Vehicle
technology and background on the importance of isolated DC-DC converters with

control structure to maintain grid reactivity and Battery parameters.

Chapter-2 In this chapter the Conventional LLC Half-Bridge is discussed with all the
frequency ranges of Modulation.

Chapter-3 In this chapter the Modified LLC DC-DC converter is discussed with
detailed study and modes of Operations.

Chapter-4 This chapter includes the ZVS analysis for the proposed Resonant converter.

It also detailed the design and Frequency modulation for the LLC converter.

Chapter-5 SOGI Controller is described in this chapter with detailed analysis, which

also covers the optimal input filter design for maintaining Grid stability.

Chapter-6 This chapter validates the results of the proposed system under variable

conditions. Simulation results have been discussed.

Chapter-7 The study on the onboard battery charger for electric vehicles is summarised

in this chapter, followed by information on the work's future direction.



Chapter 2
LLC RESONANT HALF-BRIDE POWER CONVERTER

2.1 OVERVIEW

Power-supply designs and their applications have been increasingly
incorporating advancements in efficiency, power density, and component density. The
growing interest in resonant power converters, including the adoption of higher
switching frequencies and reduced switching losses, has reignited attention toward the
utilization of LLC half-bridge configurations. The conventional LLC resonant converter
distinguishes itself from conventional designs by employing frequency modulation
instead of pulse-width modulation for power conversion, necessitating a unique design

approach. However, the construction of such converters poses substantial challenges.
2.2 Resonant Converters: Review

A resonant circuit receives a square pulse of voltage or current created by the
power switches. The output is supplied by tapping off some or all of the energy that the
resonant circuit generated. The two basic types of resonant converters are the SRC,
depicted in Figure 2.1(a), and the parallel resonant converter (PRC), depicted in Figure
2.1(b). The two of these converters adjust the driving voltage's frequency, which changes
the resonant circuit's impedance, to modify the output voltage. The input voltage is break
between this impedance and the load. Since an SRC acts as a voltage divider among the
input and the load, its DC gain is limited to 1. It is difficult to manage the output while
the load is low because to do so, the frequency must increase as the load decreases. It is
so because the load's impedance is much higher than the impedance of the resonant
circuit. Even at low loads, a sizable frequency variation is required for controlling the
output when the input voltage spectrum is wide. In the PRC shown in Fig. 2.1(b), the
load is attached in parallel with the resonant circuit, obtaining a sizable amount of
flowing current. As a consequence, it is challenging to use parallel resonant

configurations in settings with large amounts of power or significant load changes.
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Fig. 2.1 Basic resonant-converter configurations. (a) Series. (b) parallel.

2.3 HALF-BRIDGE LLC RESONANT CONVERTER

This subsection describes the operation of a conventional isolated LLC resonant
half-bridge converter along with a circuit design that has been simplified and the
voltage-gain function, which connects input and output voltage.

Square-Wave Generator

——

Resonant Circuit Rectifiers for

-~ DC Output




(b)

Fig. 2.2 Half-Bridge LLC Resonant converter. (a) Configuration. (b) Simpler Converter

circuit.

2.4 Resonant Frequencies in a Square Wave Resonant Converter
(SRC)

In essence, regardless of the frequency of the square-wave voltage provided at
the input, the resonant network of a Square-Wave Resonant Converter (SRC) exhibits a
minimal resistance to sinusoidal current at the resonant frequency. The selected attribute
of the resonant circuit is the name given to this characteristic. The circuit's impedance
steadily increases as resonance frequency decreases. The extent of current or energy that
moves around and is distributed to the load is mostly determined by the magnitude of
the impedance of the resonant circuit at the resonance frequency in conjunction with the
load impedance. The energy given to the load is successfully managed by changing the
resonant circuit's impedance via frequency modulation of the square-wave generator.
This mechanism heavily relies on the series resonant frequency, which represents the

system's sole resonance.

1

fo— =
° T TLC (2.2)

r=r

The frequency of the circuit's highest resonance, fc0, is always equal to f0. So, an SRC

needs a significant frequency variation to take input and output variations into account.



2.5 feo, fo, and fy in an LLC Circuit

The LLC circuit does, however, have unique features. The frequency at which
the LLC circuit reaches peak resonance (fco) changes depending on the load, ranging
from fp to feo to fO, with the addition of the second inductance (Lm). The pole frequency

is still represented by equation (2.1), yet it is determined by a different parameter.

1

o= L+L)C (21)

When there is no load, the series resonant frequency (fo) is equivalent to the pole
frequency (fp). However, as the load intensifies, the peak resonant frequency (fco) shifts
closer to fo. In the event of a short load, fco matches fo. In contrast to the single curve that
specifies feo = fo in the case of an (SRC), adjusting the impedance in an LLC resonant
converter involves following a family of curves within the range of fp to feo to fo. An
LLC resonant converter can have a smaller frequency range needed because of this

property, although circuit analysis is made more difficult.

Figure 2.3(b) shows unequivocally that whereas Equation (2.2)'s f, only holds in
the absence of a load, Equation (2.1)'s fo holds regardless of the load. Next, it will be
shown that an LLC converter is usually designed to operate near to fo. The functioning
and design of the converter depend on fo for a variety of reasons, some of which are not
made explicit.

2.6 Operation At, Below, and Above fy

An LLC resonant converter's functionality is revealed by the connection between
the (fsw) and the (fo). It is crucial to remember that the magnetizing current only flows on
the primary side and does not give to the power delivery from the main-side source to
the secondary-side load. The main-side current is produced by combining the
magnetizing current with the secondary-side current, also referred to as the primary

current.

10



2.7 At Resonance

The switching frequency and the series resonant frequency are synchronized in
this operating mode. When switch Q1 is turned off, power is no longer transmitted to
the secondary side as the resonant current falls to the same level as the magnetizing
current. Through the deliberate delay in activating switch Q2, the circuit achieves Zero
Voltage Switching (ZVS) on the primary side, ensuring that the rectifier diodes on the

secondary side undergo smooth and efficient commutation.

Vg_m

vg _Qz2

Fig. 2.3 At the Resonance frequency

2.8 Below Resonance

Even though the magnetizing current is still there in this case, power transmission stops
because the resonant current equals the magnetizing current before the driving pulse

width is finished. While still accomplishing primary Zero Voltage Switching (ZVS) and

11



permitting secondary soft commutation of the rectifier diodes, it is feasible to run below
the series resonant frequency. The secondary-side diodes must work in discontinuous
current mode, increasing the current that flows in the resonant circuit, to retain the same
energy delivery to the load. Greater conduction losses develop on the main and

secondary sides as a result of the enhanced current.

In addition, it is vital to keep in mind that basic ZVS may be affected if the fs

goes too low. Massive switching losses and other problems may occur from this.

Vg_m

vg _Qz2

R e T ——— E—— e

Fig. 2.4 Below Resonance frequency

2.9 Above Resonance

The primary side of the resonant circuit exhibits a reduced circulating current.
This is due to the continuous-current mode of the resonant circuit's current, which leads
to a lower RMS current for the same load, resulting in decreased conduction losses.

Although there may be reverse recovery losses and the rectifier diodes are not softly

12



commutated, it is still feasible to attain primary Zero Voltage Switching (ZVS) when
operating above the resonance frequency.

In light-load conditions, operating above the resonance frequency can lead to
significant increases in frequency. The analysis that has come before has demonstrated
that the converter may be created by altering fsw on either side of fo, using fsw = fo or fsw

> fy, or both.

I""rg _Q2

Fig. 2.5 Above Resonance frequency
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Chapter 3
MODIFIED LLC RESONANT CONVERTER

Fig. 3.1 shows the construction of the 1.S.0.P. Modified LLC resonant converter.
As seen in Fig. 3.2, each section consists of two clamping diodes and a multi-transformer
LLC converter. The output voltage of an ISOP (Input-Series-Parallel-Output) system is
called Vo, while Vi, is its total input voltage. Two split capacitors C: and C», two
clamping diodes D; and D2, and the resonant inductor L, combine to form the resonant

tank, as seen in Fig. 3.2. Lm is the isolated transformer's n-turns-per-inch magnetizing

inductor.
lin loutl
» >
Vinl —— 1#LLC
. +
Vin ——— —L v
.’._
Vin2 —— 2#LLC loutl

Fig. 3.1. Modular structure of the LLC converter.
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Fig. 3.2. Individual module
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Fig. 3.3. Equivalent Bidirectional LLC resonant converter.

The resonant tank fr frequency is indicated as follows:

r

1

“22JL(C,+C,)

(3.1)

The suggested system has two operational modes. When the EV battery is being

charged and discharged using the correspondingly described Load Modes 1 and 2.

3.1 Mode 1: Forward Power Flow Operation

In this mode, power is transferred from the primary winding of the transformer to the

secondary winding. Fig. 3.5 depicts the operating processes of this mode, while Fig. 3.4

depicts the primary waveform of the converter throughout this mode.
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Fig. 3.5. Functioning of the converter in forward power flow mode. (a) Interval 1. (b) Interval II.

(c) Interval IlI.

Interval (1) [to—t1; Fig. 3.5(a)]: Si1and S are turned off prior to to. Furthermore, junction
capacitor voltages of Sz and Se are reduced from Vo to 0. Sz and Se's parasitic anti-parallel
diodes then conduct, resulting in a ZVS state for Szand Se. S1, S3, and Se are activated
during this mode, and resonance occurs between Ci, Cp, and L. The effect of
magnetizing current iLm on the voltage across L is that it becomes equal to nVo. Initially,
it decreases in the negative direction followed by an increase in the positive direction
which results in the is of the transformer equal to 2n(ir-iLm).

Interval (I1) [ti—t2: Fig. 3.5(b)]: S1, Ss, and Se are turned off at t = t; and the resonant
current becomes equal to zero. The junction capacitor of switch S; and S, resonate the
L. After that, the iLm is decreasing in a positive direction which makes the voltage of L
inversed.

Interval (111) [to—t3; Fig. 3.5(c)]: At this stage, Sz, Ss, and Ss are turned on, and the iy starts

increasing in a positive direction like in Interval (I).

Mode 2: Reverse Power Flow Operation

The battery is being discharged while it is operating in this mode.
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Fig. 3.7. Functioning of the converter in reverse power flow mode. (a) Interval I. (b) Interval II.
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(c) Interval I1I.

Interval (I) [to—t1; Fig. 3.7(a)]: Si1, S3, and Se are off before this mode. Additionally, the
voltage across Si's junction capacitor has reduced to zero, creating the necessary
conditions for Sz to achieve ZVS, conducting the anti-parallel diode of Si. S1, S3, and Se
are turned on at time t = to, and resonance between Ci, Co, and L, takes place. As it
moves away from zero, the iLm reduces negatively in a linear manner. After changing to
zero, the iLm will start to rise in a positive direction. When the secondary current is
reduced to zero, this mode ends.

Interval (I1) [ti—t2; Fig. 3.7(b)]: S, Ss, and Se are turned off at t = t1. When the junction
capacitor voltage of S, drops to zero, Lr resonates with the junction capacitor of Ss, Ss,
and Ss. After that, an anti-parallel diode is conducted. The i.m is then reduced in the
positive direction in a linear manner once the voltage across Ln is reversed.

Interval (111) [to—t3; Fig. 3.7(c)]: The conductivity of Sy's anti-parallel diode assures that
S2's ZV'S will switch on before time t = t2. Sz, S4 and Ss are on at t=t which is similar

to the interval ().

19



Chapter 4
ZVS ANALYSIS FOR CONVERETR

4.1 Zero Voltage Switching

To achieve Zero Voltage Switching (ZVS), it is essential to ensure that the
junction capacitors are fully charged or discharged using the energy stored in the
resonant inductor before activating the switches. As illustrated in Fig 4.1, when switches
S1, S3, and Se are turned off, the current flowing through the resonant inductor decreases
to zero and reaches a value of iLm. This discharge of current helps in charging or
discharging the junction capacitors associated with switches S4 and Ss. Subsequently,
the antiparallel diodes of Ssand Ss conduct until S and Ss are turned on. To ensure that
switches S4 and Ss achieve the ZVS state when turned on, it is necessary to appropriately
design the magnetizing current of the transformer. The magnetizing current of the
transformer should possess enough energy to effectively charge or discharge the junction
capacitors. It is necessary for the energy stored in the magnetizing inductor to exceed
the energy stored in the four junction capacitors to ensure complete charging or

discharging of the junction capacitors.

1. . 1
L2 > E(C53 +Cg, +Cg +C )V, (4.1)

2 m'Lm_ peak —

where Css, Css, Css, and Css are the junction capacitor of respective of the respective

switch.
i . nY, ,
Lm_ peak 4Lm fs ' (4 )
During the dead time, the magnetizing inductor's current should be greater than
zero.
: nv,
ILm_ peak _Tdead 20. (4.3)
Lm

where Tgead IS dead time and is described below:
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1 1
Tdead = (4.4)

TR

According to (4.2) and (4.3), the magnetizing inductance range may be

determined and stated as follows:

n2

L, <————. 4.5
" 64fC,, (45)

It can be concluded from (4.4) and (4.5) that

2f > .. (4.6)

1y > %(Cm +Cg, V2. 4.7)

2 r'Lm_peak —

It is anticipated that Cs; and Cs2 have the same value. According to (4.2) and
(4.7), the magnetizing inductance range is,

nV/L,
L, <. |[—————— (4.8)
32C51 fsVinl

The range of the magnetizing inductance is illustrated in the above analysis as (4.7)
and (4.8). According to (4.6), to satisfy ZVS the twice of switching frequency must be

greater than the resonating frequency.

[G60)

Lr Cr
|
|

Vab @ Lm Rac

Fig. 4.1. Equivalent model of the LLC converter.
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Fig. 4.2. Gain characteristics under variable frequency.
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Ro is the actual load of the converter and f; is the resonating frequency.

1
. —
i (4.10)

LLC converter Gain is described below:

M {f*.(m-1}

= (4.11
JEm.£2 =12+ £2(F2 12 (m-1)2.Q% (#.11)
where
f
f=r (4.12)
L /C, (4.13)
TR
L. +L,
m = ———=. (4.14)

22



f, =———.
N e (4.15)

r=r

4.2 DESIGN CONSIDERATION

4.2.1. Transformer turns ratio

The transformer turns ratio for this converter is described as:

V.

n= Wo (4.16)

4.2.2. Design of Resonant Tank

Pmax
C, = (4.17)

sVinl

where Pmax denotes each LLC converter's maximum output power. Furthermore,

the resonant inductance may be determined using,

1
“82C 17 (4.18)

4.2.3. Current Stress of the Clamping Diodes

Lr

When the voltage across C; falls to zero, D1 begins to conduct. The current in D1
then reduces linearly when the voltage across L reduced to -2nV,. When S; turns off the
voltage across Lr changes to -(2nVo + Vin1). As a result, the current of D1 may be

represented as follows:

, 2nV
I 1= IDmax _To(t_tl)’tl <t<t,

iDl(t) = V.r Lony . (4.19)
iD1_2 = |D1(t2)_m—0(t_t2)’tz <t<ty

where Ipmax 1S the current of D1 at t = ty, as illustrated:
lorax =1, (A1) (4.20)

In addition, t> can be solved by

1

-t = 2f — At (421)

s

Because the current of D1 goes to zero at t = t3, t3 may be computed as:
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Vi +2F L AL TN

t3
2fV, +4fV,n

(4.22)

The rms of ip2(t) may thus be stated as (23):

t, ty
iDl_RMS = \/2 f (.[ iél_ldt + I igl_zdt- (4-23)

4 t

4.3 Observed Waveforms of Modified LLC Converter for ZVS
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Fig. 4.3. Resonating nature of switches during charging. (a) Pulses. (b) voltage & current

waveform for switch 1. (¢) voltage & current waveform for switch 2.
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Fig. 4.4. Resonating nature of switches during charging. (2) voltage & current waveform for
switch 3. (b) voltage & current waveform for switch 4.
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Fig. 4.5. Resonating nature of switches during charging. (2) voltage & current waveform for

switch 5. (b) voltage & current waveform for switch 6.
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The resonating nature of the LLC converter in forward mode is seen in the above
figures. The waveforms are enlarged to demonstrate ZVS's appropriate behaviour. In the
proposed system, all MOSFET switches have the appropriate junction capacitor to

ensure the ZVS condition, which explains why the system's efficiency is excellent at any
load.
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Fig. 4.6. Resonating nature of switches during discharging. (a) Pulses. (b) voltage & current

waveform for switch 1. (¢) voltage & current waveform for switch 2.
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Fig. 4.7. Resonating nature of switches during discharging. (a) voltage & current waveform for
switch 3. (b) voltage & current waveform for switch 4.
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Fig. 4.8. Resonating nature of switches during discharging. (a) voltage & current waveform for
switch 5. (b) voltage & current waveform for switch 6.

The resonating nature of the power converter in reverse mode is seen in the above
figures. In this mode of operation, the converter maintains ZVS at all times in each
MOSFET switch, which explains why the efficiency remains quite high when
discharging.
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Chapter 5
SYSTEM CONFIGURATION

5.1 Overview

The architecture utilized for EV chargers is depicted in Fig. 5.1. The system
consists of two conversion stages, the initial of which is an AC-DC conversion stage and
the other of which is a DC-DC conversion stage. With the suggested controlled
arrangement, the first stage AC-DC converter functions as a regulated rectifier. The
second stage is a modified LLC converter with six MOSFET switches with ZVS
characteristics. The Lithium lon battery is charged after the second stage with Constant

Current (CC) charging.

AC-DC CONVERTER
Ls Lc
‘{@ Ve =

Vgrid — T1&T3 § DC-DC control

Igrid — AC-DC
CONVERTER
vic—| CONTROLLER [T2&T4

lload —

Fig. 5.1. Circuit Diagram of System Configuration for On-Board EV charger (G2V operation).

5.2 SECOND-ORDER GENERALIZED INTEGRATOR METHOD:
[SOGI]

The SOGI block’s goal, as previously mentioned, is to provide two in-phase, in-
quadratic signals to the mains voltage. The percentage of errors is K times increased
whenever the supply is first compared to the in-phase signal. This parameter has a
substantial impact on the overall efficacy of SOGI. This block adapts the system to

shifting frequencies by using the  * created by the 2" half of the configuration.
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Fig. 5.2. Control scheme for AC-DC converter stage.
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Fig. 5.3. Representation of SOGI controller.

The aforementioned block can eliminate the 100Hz and 120Hz frequency components
from the detected sample. The frequency spectrum arrangement of SOGI is as outlined

below:

S
SOGI =
2 (5.)

o is the resonance frequency, commonly referred to as the basic angular frequency. For
voltages o and f, the closed-loop conversion function is presented in (5.2) and (5.3),
below:
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Vv, (s) kws
Cv(s)  s?+kes+ o’
V, (S ko’
H,(s)= 56 _ Y
v(s) S +kos+w
H.(s) is a 2"%-order BPF with no phase shift, while Hg(s) is a 2"3-order low-
frequency filter with gain equal to 1 and 90° phase departure at 314 rad/s.

H, (s) (5.2)

(5.3)
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Fig. 5.4. Bode plot of SOGI filter (a). Ho(S) for different values of K. (b). HB(S) for
different values of K.
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By using a SOGI filter, the basic aspect of the load current is removed. The SOGI
block processes the supplied signal (liead), Which results in the equal-phase and
quadrature-phase signals I, and 1z respectively, being produced at the output. Thus, it is

possible to determine the basic current (If) using

Lo =J1,2+1,° (5.4)

To determine the switching loss in the shunt compensator using the Ve ref*, the
Vqc is traversed through an LPF. Using the inaccuracy of the dc link voltage as input, a
PI controller computes the switching loss (liess) Of the recommended system. A steady

400V DC connection voltage is sustained. The formula is described below:

o () =[(ky +K; 1)V (K) -V (kD)1 (5.5)

where kp and Ki are the PI controller's gain coefficients. Equation (4.5)'s DC link
loss component and fundamental load current component are added to get the total

reference current magnitude (ltot).

| = Iloss + If (56)

tot

Now, the following equation is used to produce the unit template (ua).
Ua = 2 2 (5.7

Multiplying the total reference current by the unit template yields the reference
current.

ref — ltot

*u, (5.8)
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Finally, gating pulses are produced for GSC's IGBT switches (insulated gate
bipolar transistors) using a hysteresis current controller (HCC). In Fig. (5.2), the full

control system is shown.

5.3 PI CONTROLLER FOR DC-DC CONVERTER

The battery current Ipat is controlled by the PI controller. During Forward power
flow mode, the described controller is employed to maintain the necessary battery
current. When the battery is discharged through a load in the reverse power flow mode,
the desired battery current is maintained. The controller's output is compared to a
sawtooth signal, and the comparison output is a PWM signal that operates the power
converter switches. The PID controller's output (u(t)) depends on the system's error

signal (e(t)), as explained.

A 4
Za)
o

Controlled response

Iref

Ibat

A 4

Ki fe(t)

Fig. 4.5. P1 controller for DC-DC converter stage.

u(t) = K, .e(t) + K, je(t)dt +K,

de(t)
at (5.9)

PID gains can be adjusted using a variety of methods based on the mathematical model
of the plant. The closed-loop system's transient and steady-state requirements determine
the Pl gains. The most well-known method for adjusting PI gains is the Ziegler and
Nichols method, which proposes guidelines for adjusting PI controllers (i.e., setting
values for K, and Ti,) based on experimental step responses or the value of K, leading

to marginal stability when only proportional control action is used.
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Chapter 6
RESULTS: SIMULATION AND EXPERIMENTAL

6.1 Parameters Used in the Simulation

TABLE 6.1.

PARAMETERS
Item Details
Grid Voltage (Vg) 230V (rms)
DC Link Voltage (Vin) 400V
Battery Voltage (Vbat) 180V
Rated Power (P) 3.3kW
Turns Ratio (n) 1:4
Resonant Capacitance (C1 & C») 0.1pF
Resonant Inductance (L) 12.3uH
Magnetizing Inductance (Lm) 420uH
Switching Frequency (fs) 100kHz
Output Filter Capacitor (Co) 44uF
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6.2 Modified LLC converter as Bidirectional operation
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Fig. 6.1. Battery characteristics. (a) Battery voltage. (b) Battery current. (c) State of charge.
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Fig. 6.2. (a) DC link voltage. (b) Battery current. (c) Battery Power.
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The above graphs show the Battery charging mode and discharging mode of
operations and their effects on the voltage, current, SOC (State of charge), and Power.

6.2.1 Charging Mode

All loads are connected at time t=0s, therefore the battery receives zero power;
as a result, it exhibits constant characteristics as shown in Fig. 6.1 (c). At this point, the
battery is not charging and is not consuming any power from the source. Parallel loads
are disconnected at t=0.08s, causing SOC to increase quickly, current to increase in the
opposite direction as shown in Fig. 6.1 (b), battery voltage to improve as shown in Fig.
6.1 (a), and power to be maintained up to rated limit. The same loads are connected once
more at time t=0.23 s. At t=0.33s, loads are disconnected one at a time, making the
charge slope steeper over time. Additionally, currents exhibit a rising character in the
opposite direction. Power is changing according to the load transients as shown in Fig.
6.2 (c).

6.2.2 Discharging mode

At t=0.5s since all loads are connected in this mode, the battery is being
discharged, resulting in positive current values and negative power readings because in
this mode battery is acting as a source as described in Fig. 6.1 Since the battery is
currently attempting to maintain the regulated DC Link Voltage as shown in Fig. 6.2 (a),
which is also being impacted at this moment, due to converter's ability to operate in both
directions. Since there are no loads connected at t=0.56s, the SOC curve is constant, and
the dc link voltage increases since there is nothing for the battery to discharge. At
t=0.67s, loads begin to increase one at a time, which speeds up battery discharge and

causes voltages to drop.

6.3 G2V Operation of proposed system

By modeling under different operating circumstances, the efficacy of the
proposed battery charger is verified. Additionally, the input to the battery charger is
regarded to be an AC power source with 230 V RMS voltage and 50 Hz frequency. The
designed charger's responsiveness is confirmed while variable grid voltage operations

are obtained for three separate situations, taking into account the various operating
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circumstances. Fig. 6.3 shows the normal operation of the grid, Fig. 6.5 shows a non-
ideal grid in which harmonics are introduced known as weak grid operation and Fig. 6.7
shows the 10% sag & swell in the grid voltage which is also a non-ideal case. The total
behaviour of all three cases is shown and changes is seen in power factor, battery current,

and SoC. The THD is calculated for every case and a comparison is done.

Particularly noteworthy are the simulation findings during the G2V operation
under rated conditions shown in Figs. (6.3),(6.5),(6.7), and THD responses in Figs.
(6.4),(6.6),(6.8). The waveforms of in-phase grid voltage, Vg, and grid current, Ig,
illustrated in Fig. 6.3, indicate unity-power-factor (UPF) charging. Furthermore, the
stabilized DC link voltage, Vdc, validates the VSC's efficacy. Additionally, Ibat's
controlled charging current demonstrates that the created charger efficiently controls the
charging activity. Also, the battery current ripples adhere to the pertinent international
standard. Fig. 6.4 also shows the fast Fourier-transform (FFT) evaluation of the grid
current. The total harmonics distortion (THD) of grid current is indicated as 1.61% here.
As a result, the designed charger's G2V functioning adheres to the power quality
requirement, and the battery is being charged.
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Fig. 6.5 depicts the system's weak grid operation, in which odd-ordered
harmonics are added to grid voltage to test the system's robustness. As illustrated in Fig.
6.5, odd-ordered harmonics such as the 5", 7, 11" and 13" distort the grid voltage,
but an input filter with SOGI control is far more efficient, attempting to align grid current
with grid voltage to preserve power factor. Vg and the battery charging current are both
constant during this procedure. The predicted THD for this operation is 2.02%, which is

likewise following the IEC requirement for grid current, as shown in Fig. 6.6.
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Fig. 6.5. Steady state performance when harmonics are injected (weak grid operating
condition).
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Fig. 6.6. THD under weak grid operation.

Fig. 6.5 depicts the sag and swell of grid voltage under non-ideal conditions.
During this operation, 10% of grid voltage is reduced between 0.5s and 0.6s, and 10%
of grid voltage is increased between 0.7s and 0.8s, demonstrating the system's durability
as Vqc is maintained constant throughout the operation, battery charging current is also
kept constant. Notably, THD adheres to the IEC norm for grid current quality, which is

1.87% in this situation, as seen in Fig. 6.8.
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The resonating behaviour of the regulated MOSFET switches is seen in Fig. 6.9.
To boost system efficiency with significantly reduced losses in the DC-DC conversion
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stage, all switches achieve ZVS at all conditions during G2V operating mode. All of the
switches dissipate close to zero power for the Modified LLC converter, which justifies

the need for isolated converters in the system nicely.
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Fig. 6.9. Resonating nature of switches showing voltage and current with respect to the PWM.
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Chapter 7
CONCLUSION AND FUTURE SCOPE

An onboard electric car battery charger with one phase and two stages is built
and modeled in the MATLAB Simulink framework. Initial design and simulation of the
Modified LLC resonant converter take place at resonance frequency as well as
frequencies above and below resonance frequency. The improved LLC resonant
converter has been shown to improve performance close to the resonance frequency.
Additionally, the SOGI controller with input filter power factor correction is combined
with the modified LLC resonant converter to increase the power quality of the AC supply
current with a maximum THD of 2.02%, as shown in Chapter 5. Two converters are
introduced with a controlled scheme separately. AC-DC converter is controlled through
a SOGI controller whereas a modified DC-DC converter is controlled through a Pl
controller and optimum results are obtained for diverse conditions. The functionality of
the suggested technique is demonstrated by Matlab/Simulink results. Grid to Vehicle
charging mode is designed for onboard EV chargers. At a frequency switching of 100
kHz, the onboard charger's planned system architecture was realized. The final findings
demonstrate that the specified power efficiency is greater than 96%, the PF is over 99%,
and the THD of grid current is less than 2% for the three separate situations described
above. To demonstrate the reliability and efficiency of the SOGI controller for AC-DC
converters and the PI controller for modified DC-DC converters, simulation studies are
performed as well under steady state and dynamic conditions. For large voltage, large
power EV charging applications, the LLC single phase On-Board charger offers
inexpensive pricing, minimal electromagnetic interference, excellent dependability,
compactness, and highly effective development. To assure converter performance within
a wide voltage range for EV charging applications, a modified LLC converter's resonant
behaviour is discovered inside the operational region using a second-order generalized

integrated approach.

Future experimental testing will be conducted to obtain a more precise picture of
the overall effectiveness of your suggested system. For the DC-DC converter, a more
durable and effective controller will be used to stabilize the dynamic behaviour of the
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battery side. The power factor correction circuit will allow the prototype form of the
Half-Bridge LLC resonant converter to be commercialized in the future.
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