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ABSTRACT

Electrification of vehicles has become a part of globalisation and modernisation due to the
increasing concern for carbon emissions. Global demand for clean fuel energy is increasing
rapidly due to fuel scarcity and pollution being important concerns. Consequently, researchers
are readily focusing on findings in the electric vehicle (EV) domain. EV is becoming popular
in various domains like E-bikes, E-scooters, E-rickshaws, E-cars etc. The ones having lower
weight are termed as LEV’s i.e., Light electric vehicles. They account for a significant fraction

of overall EV and hence cannot be overlooked.

The work in this report deals with the design and analysis of onboard battery charging for
electric vehicles with various topologies of DC-DC converters like modified, interleaved,
isolated, hybrid etc. which are acting as PFC unit in the charger configuration for better and
reliable working of charger thereby reducing total harmonic distortions (THD) within
acceptable range as well as improving input current power factor towards unity. In addition to
PFC, other DC-DC converters are also used for isolation, and better quality of charging current
to be used. In this work, flyback converter is being used due to its simple configuration and
excellent isolation properties. Results of interleaved and isolated converters are turned out to
be good as compared to other configurations of DC-DC converters. A hybrid configuration is
also presented in this report work in which ac supply and solar PV integrated is used for
charging in which efficiency of charging is enhanced by use of available solar energy. The

unidirectional charging is well elaborated with all the topologies in this work.

The basic charging infrastructure along with the enhanced quality of input current is elaborated
in this report work. It involves an AC-DC converter, a PFC unit, an isolated converter and
battery as a load. According to the construction and working chargers can be discussed in two
categories one is onboard charger and other is offboard charger. Control techniques involves
classical linear PI controllers as voltage controller and current controllers. These constants are
helpful in the closed loop operation of charger circuit. So, this work compiles a complete view

of a better converter topology required for the sound working of onboard battery charger.
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CHAPTER-I

INTRODUCTION

In the modern era, as the human population is increasing exponentially and thereby responsible
for the rising need of vehicles. Increasing demand of vehicle, large transport dependence on oil
that forces to exploit more and more fossil fuels like diesel, petrol etc. The limitation of fossil
fuels and pollution caused by them are the big concerns nowadays. Demand is more and stocks
are limited on the other hand pollution is playing a major role in damaging environment and
its entities. So as a solution to these problems Electric Vehicle (EV) is the vital role player in
modernisation and it is the need of the hour. The main advantages of introducing EV majorly
involves cutting down the dependence of transport on oil and lowering down carbon emissions.
In case of unavailability of any other alternative in transportation may lead to the scarcity of

oil resulting in huge price hikes in oil industry.
1.1 Historical Background

First electric locomotive design was invented by Robert Davidson in year 1837 and the use of
first locomotive on main line was in 1895 on Baltimore belt line located in USA with a stretch
of 4 miles. At the start of 19" century EV started growing and the first experiments were done
on electric trams/trolley cars and consequently by the end of 19" century EV became widely
usable because of the mass production of rechargeable batteries as batteries came with
revolutionary change in EV industry and became an important part player. The first ever regular
tram service was started in 1881 in suburbs of Berlin, Germany. Siemens and Halske
collaborated on this project. As time passed moving to 20" century, though private cars were
rare but electric in nature. Although EV industry was rising but problems related to batteries
were also to be bothered as batteries took quite longer time to recharge and they were costlier
than the same size IC engines used and as a result in whole 20" century IC engines remained
predominant. After it the concept of hybrid vehicle having IC engine combined with one or
two electric units. Such a type of hybrid vehicle was introduced by Ferdinand Porsche in 1900
which could run via electricity either from engine or by batteries. In the mid of 20" century
electric trains became favourable for railways because of their low maintenance requirement
in both the cases i.e., tracks and locomotives. Due to the overhead lines electric trains were a
huge success but on the front of roads electric vehicles had not achieved that much success

because they somehow rely on batteries but undoubtedly EV is having certain advantages over



IC engines as first of all EV’s do not produce any exhaust emissions and other is that they are
inherently quite so these advantages make it suitable for those industries where pollution and
noise are the major problems. Coming towards the end of 20" century and start of 21% century
where development of high-speed trains was in progress. It all started with the concept of bullet
train in Japan whose services started in 1964 from Tokyo to Osaka having capability of
travelling 515.4 kms in just 4 hours. More advancements include Maglev trains which uses a
special track to run, having a world record of achieving 581kph speed. They are competing
with aircrafts in terms of covering distance faster. Major issue in using EV involves using
battery and its charging although several manufacturers are producing good quality EV’s now.
Some of them are Renault, Mitsubishi, Nissan, Tesla. After 1990 electric bicycles became
popular and EV two wheelers also gained growth. In recent trends hybrid vehicles, which

includes solar as well as AC charging are also new research topics to be explored more.

Promoting EV has become helpful in cutting down hazardous greenhouse emissions and is
suitable for the high efficiency demands in vehicular industry with taking care of environmental
issues. In addition to this many control strategies are available for motors which enhances the
usage of EV in vehicular industry. Above discussion justify the need of EV in present times.
Some general examples of EV includes Electric trains, Electric cars, Electric bicycles, Electric
rickshaws etc. Government of India is aiming for making India a complete electric vehicle
nation by 2030, For this target it has been proposed that all two wheelers having engine capacity
below 150cc which has to be sold after 31 march 2025 and all the three wheelers sold after 31
march 2023 should be electric vehicles. Some of the target data set by NITI Aayog concerned

to e-mobility can be figured out from Fig.1.1.
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Fig.1.1 Trend showing set target for EV with time (courtesy: timesofindia.indiatimes.com)



1.2 Charging Configuration

The general configuration of a charger as shown in Fig.1.2. It involves an AC-DC conversion
unit followed by filter. EV charger needs DC as input so AC-DC conversion unit is required
for example basic DBR is mostly used. The usage of DC-DC converter as PFC unit in the
circuit is controlled by control algorithm to provide requisite DC level for charging. EV battery

gets charged after getting required DC voltage level.

EV Charger

_ DC/DC Isolated
EMIFilter  converter  converter

: AT 3 T3

ACIDC T t t T Vic Output Filter
AC grid converter

Control Algorithm

EV Battery

Fig.1.2 Charger configuration

1.3 Existing topologies for EV Charging

Battery charging topologies can be classified as Onboard charging and Offboard charging on
the basis of their charging location as shown in Fig 1.3. An onboard charger as illustrated in
Fig.1.4 is designed for less rating and are compact, built in within vehicle whereas offboard
chargers as per Fig.1.5 are designed for quite high ratings and generally involves charging
stations. Offboard charging is served by three phase AC station while onboard charger can be
served by single phase supply. There is no reactive power transfer in unidirectional charger and
both active as well as reactive power transfer takes place in bidirectional charging. It can be
capacitive or inductive operation in latter. Power factor in bidirectional chargers is depending
upon their working operation in one of the four quadrants, accordingly it can be lagging,

leading, zero or unity.
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Fig.1.3 Charging Topologies
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Fig.1.5 Offboard Charger Layout

1.4 Dissertation Outline

e Chapter-I In this chapter brief introduction about EV industry and its rapid rise is
discussed along with an outline of historical background and evolution of EV.



Chapter-11 Learnings based on the review of many research papers is mentioned in this
chapter.

Chapter-I11 It comprises of modelling and design analysis of general DC-DC converters
that can be utilised as a PFC also. Results along with their simulations are shown in this
chapter. This chapter gives an idea about usage of these basic converters and their
effectiveness in chargers.

Chapter-1V The illustration of design as well as analysis of modified DC-DC converters
and their usage as PFC in chargers is shown with the help of Simulink results in this
section.

Chapter-V An improved charging topology with improved power factor i.e.,
Interleaved DC-DC converters as PFC has been discussed in this chapter.

Chapter-V1 After the discussion of all the topologies, a new advancement in this field
i.e., hybrid EV charging systems are briefly illustrated in this chapter. A brief discussion
about how bridgeless topology is better than conventional topology is represented via
simulation results here.

Chapter-VII This chapter illustrates about conclusion as well as future scope of the

whole work discussed here.



CHAPTER-II

LITERATURE REVIEW

2.1 Introduction

The work mentioned in this report is a collective outcome of many research papers which
includes the study of EV and its charging. Many new ways and research findings have been
found regarding the better efficiency of EV and improved reliability of the vehicle. A general

review of these research papers is summarized as per below mentioned areas:

1) Onboard battery charging

2) Need of PFC in Onboard battery Charging
3) Converter selection for PFC converter

4) Various topologies for battery charging

5) New techniques for battery charging

2.1.1 Onboard Charging

Chargers can be of two types i.e., Onboard charger and Offboard charger, former is used
generally for the single phase while latter consist of three phase supply being higher in rating
as compared to onboard chargers. As per [1] onboard chargers can be used with three phase
supply circuits in case of propulsion system integrated with them to make it an integrated
onboard charger used for PHEV [2]. Two types of batteries are used in onboard chargers for
PHEV and EV, i.e., Auxiliary batteries and propulsion batteries as mentioned in [3]. Propulsion
battery supplies high voltage DC for driving the vehicle while auxiliary battery provides with
low DC voltage for feeding the electric fields of the vehicle. Onboard charging circuit can be
seen in [4],[5] and [6] and clearly shows that it works being inside the vehicle.

2.1.2 Need of PFC in Onboard Charging

In an onboard charger, DC is required for charging the a battery that can be obtained through
the use of an AC-DC converter (comparison is given in [7]) at the input of charger. Generally,
DBR being basic prototype, is used for this purpose. The basic power electronic rectifiers
introduce a huge amount of distortion and harmonics in the circuit. It lowers down the quality
of power generated thereby affecting the power factor of the system. THD of system becomes
high and power factor goes away from unity leading to the damage in connected system
equipment. A general review on power quality in various DC-DC converters is mentioned in

6



[8] and [9]. This gives rise to the need of PFC in onboard charger. The basic topology as per
[10] consists of an AC-DC conversion unit, a PFC unit, an isolated converter and battery which
is to be charged. A charger can be single stage charger or two stage as per the rating and
requirements of the vehicle. Nowadays, mostly two stage chargers are in use due to their

reliable operation and better current wave shaping capability.
2.1.3 Converter selection for PFC

In charger configuration any DC-DC converter is taken to be as PFC unit but as time has passed
it is observed that Buck and boost converters are not recommended for PFC as compared to
buck-boost converter as given in [11] and [12] rather other modified circuits can be used for
boost, one of them is mentioned in [13]. Buck-Boost converter [14] with very simple
configuration and less components, is having edge over these two converters due to its wide
variable range of duty cycle and that results in operation of converter with a large voltage range
also. A comparison for different configurations which can be used in buck-boost is given in
[15]. So, these two converters are not suitably used due to the disadvantages as given in [16],
of poor current shaping feature as well as low variation availability of duty cycle. Apart from
these basic converters there are other converters available like CUK [17], SEPIC [18], Zeta
[19], Luo, Landsman converter [20] etc. Out of CUK and SEPIC converters, CUK is a relevant
option due to its certain advantages given in [21] i.e., Lower EMI noise, decrease in ripple
current at output as  well as at input with an added feature of shielding from start-up inrush
current whereas SEPIC deals with the drawback of high ripples in output current along with
the discontinuity in output current. An improved battery charger is mentioned in [22] and [23]
with requirement of these converters in designing of PFC corrected circuits. Further Zeta
converter as per [24] is having certain qualities like good dynamic response, low output ripples,
positive voltage at output but it is having high voltage stresses at PFC switches. Luo and
Landsman converters are further used due to their added advantage of better current profile,
low ripples in current and output voltage as can be observed from [25]. These converters with
added elements in comparison to basic buck-boost converter, are more apt in the input current
wave shaping and hence acting as a PFC converter in the battery charging system. In addition
to these converters one isolated converter can also be used (Flyback converter in this report).
One such type of flyback converter is illustrated in [26]. High frequency transformers play an
excellent role in the mitigation of ripples in a circuit and though flyback is consisting of HFT,
it further improves the current profile at input and also reduces the ripples at output of charger

to great extent. Flyback converter is simplest in view of design and provides a large extent
7



isolation in the converter circuit. It also ensures the CC-CV charging in the circuit as mentioned

in [27]. AC-DC converter selection can be understood from [28].
2.1.4 Various topologies for charging

In a charger, at the place of PFC converter various configurations can be used like it can be a
conventional converter which we have discussed earlier or it can be a modified configuration
of previously discussed converters with some minor changes like rearrangement of diodes and
inductors or addition of components to mitigate the problem arisen due to the usage of DBR
[29] at the input side. Some of the modified converters are bridgeless converters also due to
the absence of DBR as described in [30] and [31]. Modified converters reduce THD to great
extent. Apart from modified converters isolated converters [32] are another configuration
which can be helpful as it doesn’t require another converter such as flyback converter in the
circuit as it is already having isolation within the circuit. Some of the examples of isolated
configurations with or without bridgeless feature can be seen in [33], [34], [35]. One of them
is bridgeless Zeta converter as mentioned in [36] and similarly modified bridgeless Luo
converter as per [37]. Though modified and bridgeless isolated configurations give good results
as PFC but interleaved converter configuration is another converter type which is very effective
in reducing THD and enhancing the performance of the charger. Interleaving means ‘multi-
phasing’. It is the technique in which two converters are interleaved and made in the
combination of single entity. The converters work with a phase shift of 180 degrees. Interleaved
converters in Luo and landsman can be seen from [38] and [39]. Interleaved converters are so
efficient in the power factor correction that they almost make it unity. Another important
quality in these converters is their ripple cancellation within the circuit which makes it suitable
for charging circuit. After all these configurations researchers tried for the combinational
circuits of different DC-DC converters which can be used in onboard chargers for example:
Cuk-SEPIC [40], Zeta-Luo, boost-zeta [41] etc. These circuits combinedly give the advantages
of both the converters and makes the combinational useful for charging purpose.

2.1.5 New Techniques for charging

As EV is becoming popular many new techniques are included in research areas. One of them
is hybrid configurations i.e., combination of more than one source of charging on grid side.
One of them is mentioned further in this report which is solar aided battery charging for
bridgeless isolated Zeta converter. From [42], [43] [44] some of the hybrid models can be

observed. Hybrid configurations like solar assistance along with grid connected models are
8



making EV system very much reliable and efficient in case of absence of grid power and in
boosting of power along with grid also. Apart from this some other types of hybrid systems are
available, one of them is given in [45] and transformer less systems [46] are under research as
mentioned in [47]. Supercapacitor is another new system to be used in the charging of EV.
Bidirectional DC-DC converter is used in the hybrid system consisting of supercapacitor as per
[48] and [49]. Supercapacitors [50] and batteries [51] have hybrid combination in these types
of systems. Bidirectional or V2G charging becoming more popular these days one such
comparison of unidirectional and bidirectional charging is mentioned in [52]. V2G [53], [54]
comes under the concept of microgrid which takes care of energy flow in both the directions
i.e., from vehicle to grid as well as grid to vehicle. Bidirectional charging is the future of EV
industry and gaining popularity day by day as the research continues in this area. While
working with bidirectional charging [55],[56],[57] according to the state of charge and voltage
in EV, converter operates accordingly in various modes. With the reduction in passive element
number switched capacitor/inductor [58],[59] is also in the race of new techniques discussed
for EV chargers. It is a changed topology with rearrangement of diodes and other passive
elements. Another solar powered soft switching power converter is technique has been
mentioned in [60]. In this way it can be seen that EV batteries are the subject of a lot of research

area. onboard and unidirectional battery charger has been covered in this report so far.
2.2 Conclusion

Literature review for the work mentioned in this project report titled “Design and analysis of
onboard battery charging for electric vehicles” is mentioned in this chapter. The survey is being
carried out to find out the further scope of research in this area and to get the idea of the
previously done work. It helped in understanding type of charger and its recommendation for
EV, what innovations can be further made in this area to improve EV charging. New techniques
which include Hybrid charging systems, switched capacitors/inductors andVV2G charging was
extremely helpful in drafting the whole major project report.



CHAPTER-III

MODELLING AND ANALYSIS OF CONVENTIONAL DC-DC
CONVERTERS FOR BATTERY CHARGING

3.1 Introduction

Nowadays electric vehicle chargers generally consist of DC-DC converter as power factor
correction (PFC) unit because without PFC unit the quality of battery charging is quite
deteriorated. Total harmonic distortion at supply side remains very high in absence of PFC unit
and power factor is also not nearer to unity. So initially conventional DC-DC converters like
Buck, Boost, Buck-Boost etc. were used as PFC in battery chargers. Later on, new converters
like CUK, Zeta, SEPIC, Luo, Landsman etc. became the part of charger configurations due to
their improved input current profiles and added components in their model. This chapter covers

the following topics:

v Boost converter
e Configuration and working

e Battery charging using Boost converter as PFC

v' Buck-Boost converter
e Configuration and working

e Battery charging using buck-boost converter as PFC
v" CUK converter

e Configuration and working

e Battery charging using CUK converter as PFC
v SEPIC converter

e Configuration and working

e Battery charging using SEPIC converter as PFC
v’ Zeta converter

e Configuration and working

e Battery charging using Zeta converter as PFC
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3.2 Boost converter

The boost converter is a simple DC-DC converter that boosts the level of DC voltage to a
requisite value by changing the duty ratio ‘D’. The supply is connected in series with the

inductor in this configuration as shown in Fig 3.1

| e — i

L hID1
‘ ic +
Vs B ..} -1 .
Jie c

S L]

NEs

Fig 3.1 Configuration of Boost converter

When Switch (S) is closed

di dip V.
Vo=V =L—Ltor—E=-3

— 3.1
dt dt L 3.3)

For the current increasing in linear manner while switch (S) is closed, inductor current change

is calculated as:

VDT

(Ail—)closed - L (3.2)
When S is open
di
V, =V.-V.=L—L 3.3
L s~ Vo dt (3.3)
(Vs —Vo)(1-D)T
(AIL)open: : OL (34)
As per volt-sec concept
(AiL)C|OS€‘d +(Ai|-)open =0 (35)
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On solving equation (3.5), we get: V, = (1VSDJ (3.6)

In ideal conditions, the source's total power given equals the load's total power received.. So,

on equating these we get:

A
(1-D)?

2
%§:Wg: R 3.7)

Where R is the load resistance.
Solving for I, we get:

Vs

Vs 38
R(1- D)? (38)

I

Maximum and Minimum values for inductor current is given by the following equations:

Aig Ve VDT

- 3.9
2 R@-D)?* 2L 49

Imax:|L+

Aii Vg VDT
2 R@-D)?* 2L

(3.10)

Imin = IL_

Inductor current remains continuous and so boundary of continuous and discontinuous can be

evaluated using |, =0 and from (3.10) we get:

D(1- D)?R
Lyin =——— 3.11
min = (3.11)
Where f is the switching frequency.
Change in capacitor charge AQ =CAV, = (\%j DT (3.12)

Ripple voltage expression is given by using (3.12)

(3.13)

12



3.2.1 Battery charging using Boost converter as PFC unit

The configuration of battery charging using boost converter for power factor correction is
illustrated in Fig 3.2 which consists of an AC-DC converter unit (AC supply + DBR + EMI
Filter), a boost converter and flyback converter for isolation and further improvement in battery

current. This system is used to charge the Li-ion battery acting as load.

L
!

Lt i~ L N D ' i
f Vi f E
¥ ¥ N
VAN i : % T
i E ii d Cdc E
¥ = i
Crii | c i E
¥ S t i
1 N i
DBR+ Filter Boost Converter Flyback Converter

Fig 3.2 Battery charging configuration with Boost converter as PFC
3.2.2 Results & Discussion

The simulation results for charging a Li-ion battery by using Boost converter as a PFC unit is
shown in Fig 3.3 below which shows supply voltage (Vs) with a peak voltage of 311V, supply
current (Is) of 14.02A, battery voltage (Vrat) With a peak of 53V, battery current (lvat), State of
charge (SOC%) and THD% respectively. Increase of current in negative direction shows that
battery is in charging mode while in case of positively increasing current, battery is getting
discharged. Charging of battery can also be illustrated by increasing SOC% and vice versa is

for battery discharging.

13
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5 Fundamental (50Hz) =40.77 , THD=9.06%

=

w

[ 8]

[a—y

Mag (% of Fundamental)

=]

0 200 400 600 800 1000
Fig 3.3. Results for Boost as PFC converter for battery charging
3.3 Buck-Boost converter

It is the most basic DC-DC converter which converts DC of certain level to either step up and
step down as per the requirement of application and so according to the duty ratio defined for
the system. It can give a wide range of output voltages. A schematic of general buck-boost

converter is illustrated in Fig 3.4.

1D < —
S Dy
1l

|+
.'.

Fig 3.4 Configuration of Buck-Boost converter
15



There are two modes of operation with the Buck-Boost converter.. The voltage at output relies
on the how variation in duty ratio ‘D’ is taking place. If it varies less than 0.5 i.e., for D <0.5,
the voltage at output is more than the voltage at DC input of system whereas for D > 0.5 it is
less than the voltage at input.

When S is closed:

Vs =V = %L or %:% (3.14)
Considering linear increase in inductor current

(A1) gosed = \g (3.15)
When S is open:

A :VLzL% or %—zv—f (3.16)

(AL ) e = \@ (3.17)

The net change in the current of the inductor in steady state operation must remain zero over
one period. From equations (3.15) and (3.17)

(AiL)C|OS€‘d +(Ai|-)open =0 (318)

On solving equation. (3.18) we get:  V, = -V (%) (3.19)

Where negative sign in equation (3.19) indicates that voltage at output is having opposite
polarity than voltage at input. Energy storage takes place when switch is closed while it is
transferred to the load as switch is open. Buck-Boost converter is also referred as an “Indirect

converter”.

We know that power absorbed by load is equal to the source power supplied. Hence:

2
\%:Vsls (3.20)
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2
From (3.20) and (3.21): \% =V,I, D
From (3.20), (3.21), (3.22) |L:_)§E_§
R(1-D)

Inductor’s maximum and minimum current can be calculated as per (2.24)

Ai _ VD VDT
2 R@-D)* 2L

Imax:|L+

Aii VgD VDT

2 R@-D)® 2L

Imin = IL_

For finding out limiting value of inductor, at boundary conditions 1, is zero.

R(1- D)?
Lmin =—

Where f is the switching frequency.
The voltage ripple at output is given by:

AV, D

V, RCf

3.3.1 Battery charging using Buck-Boost as PFC unit

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

The configuration of battery charging using buck-boost converter for power factor correction

in illustrated in Fig 3.5 which consists of an AC-DC converter unit (AC supply + DBR + EMI

Filter), a buck-boost converter and flyback converter for isolation and further improvement in

battery current. This system is used to charge Li-ion battery acting as load. Buck-Boost

converter acts better during PFC operation as compared to boost converter in charging of EV

battery.

17



1L
L

‘Battery
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Fig 3.5 Battery charging configuration with Buck-Boost converter as PFC
3.3.2 Results & Discussion

The simulation results for charging a Li-ion battery by using Buck-Boost converter as a PFC
unit is shown in Fig 3.6 below which shows supply voltage (Vs) with peak of 311V, supply
current (Is) with a peak of 13.32A, Diode current (l4), Inductor current (1), battery voltage (Vbat)
with a peak of 53.3V, battery current (lvat), State of charge (SOC%) and THD% respectively.
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FFT analysis

o Fundamental (50Hz) = 12.37 , THD= 6.55% .

= 0.8
=
=
)
£ 0.6+
o3
=
E
o =]
= 04] 7
(=]
=0 0.2 | 1
=
= 1 [
0o—— — — — — | . — — — tu]
0 200 400 600 800 1000

Fig 3.6. Results for Buck-Boost as PFC converter for battery charging
3.4 CUK converter

CUK converter as per Fig 3.7, is a little bit improved configuration than buck-boost converter.

Two capacitors and two inductors make up the system.. The process of energy transfer depends
on capacitor C;while in above topologies transfer of energy was dependent on inductor. Input

side inductor behaves as filter for the circuit. At the output, the polarity of the signal is reversed.

whereas the output voltage can be lower or higher than the input voltage.

iLl —l iCl|_> D iLz

Ly = /CI e Lo
IC | N

C,

+
Vs —| It D
S

Fig 3.7 CUK converter configuration
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When switch S is closed, diode is reverse biased and capacitor current in Cyis given by:

(icl)closed =l

2

When switch S is open, diode is turned on by the action of inductors Ljand L.

(icl)open = II_l

The average current in capacitor will be zero over a period,

(icl)closed DT + (icl)open 1-D)T =0

From equations (3.28) and (3.29) we get:

||_1_ D

I 1-D

2

As Input power = Output power i.e., V5I|_l = —V0I|_2

From (3.31) and (3.32) we get: V, =V, (%j

Where polarity reversal is shown by negative sign in equation (3.33).

Output ripple voltage relation is given by:

AV, 1-D
Vo  8L,C,f2
||_l :icl

Where f is the switching frequency.

From equation (3.34) and (3.35) voltage at capacitor C; is given by:

1
VC1 :C_]_J.Il'ldt

Avg ~ VoD
' RC, f

21
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(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)
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(3.37)



di
In closed switch mode, Vs =V = le—'? (3.38)
V.D
Aip === 3.39
L (3.39)
- dip
Similarly Vi =Vs =L, dtz (3.40)
. V.D
Aip =2 3.41

Minimum value for inductors can be evaluated by the same method as for buck-boost converter

by boundary conditions and by using above equations.

R(1-D)?

Hmn=—%i§l— (3.42)
R(l-D

Lo min = (2f ) (3.43)

3.4.1 Battery charging using CUK as PFC unit

The configuration of battery charging using CUK converter for power factor correction is
illustrated in Fig 3.8 which is having an AC-DC converter unit (AC supply + DBR + EMI
Filter), a CUK converter and flyback converter for isolation resulting in further improvement

in battery current. This system is used to charge Li-ion battery acting as load.

i PSS W Jpesey 1 K C; s E i :
i E i i Df !
ANVAN P K P ;
: ¥ 1 T Tt
a ' ik s Cul ¢+ T
VsV ¥ i AV4 == i ‘Battery
: Crit 4 D Cof: :
NS | TS ik a
i § | S a
DBR+ Filter CUK converter Flyback Converter

Fig 3.8 Battery charging configuration with CUK converter as PFC
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3.4.2 Results

The simulation results for charging battery by using CUK converter as a PFC unit is shown in
Fig 3.9 below which shows supply voltage (Vs) with a peak value of 311V, supply current (ls)
with a peak of 18.56A, State of charge (SOC%), battery voltage (Vbat), battery current (Ipa) and
THD% as 7.43% respectively.

400 |

200

v.V)
—

-200 |

-400 | : : : : |
2 2.05 2.1 2.15 2.2 2.25

I (A)
(=]

-10 - i

2 2.05 2.1 2.15 2.2 2.25

23



100

60 - 1

Vbat(V)

40 - 1

2 2.05 21 2.15 2.2 2.25

10

2 2.05 2.1 2.15 2.2 2.25

Fundamental (50Hz) =18.13 , THD=7.43%
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Fig 3.9. Results for CUK converter as PFC for battery charging
3.5 SEPIC Converter

A single ended primary inductance converter (SEPIC) is illustrated in Fig 3.10. which is quite
similar to CUK converter in design. The output produced is similar to CUK converter either

less than or greater than the voltage at input end but it has no reversal of polarity.
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Vs It L,
S

IL2

Fig 3.10 SEPIC converter

In steady state operating condition inductor’s average current and capacitor’s average voltage

remain zero. From using Kirchhoff’s law:
Vs +v +ve -V =0
As average voltages are zero, So Ve, =V,
When S is closed, diode is reversed biased and inductor voltage is given by:
v =Vs
When S is open, diode is working and following Kirchhoff’s law we get:
v = -V,
From (3.46) and (3.47) we get:
V;(DT)-V,(1-D)T =0

From (3.48), relation can be obtained as

D
Yo=Ye (ﬁj
Using power balance equation
i = Vo©
L TRy,

25

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)



Where f is the switching frequency.

Applying Kirchhoff’s law and continuous current rule for inductor, we get:

||_2 :|O

AiL :—VSD
: L, f

Load side is similar to boost converter so ripple voltage at output is:

V,D
AVO = AVCZ = R(O:Zf
Crog 2
%Vo R
AV = V,D
1 RC f
Cl = D

v
%vcl Rf

3.5.1 Battery charging using SEPIC as PFC unit

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

The configuration of battery charging using SEPIC converter for power factor correction in
illustrated in Fig 3.11 which consists of an AC-DC converter unit (AC supply + DBR + EMI

Filter), a SEPIC converter and flyback converter for isolation and further improvement in

battery current. This system is used to charge Li-ion battery acting as load as shown in Fig

3.11.
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Fig 3.11 Battery charging configuration with SEPIC converter as PFC
3.5.2 Results & Discussion

The simulation results for charging battery by using SEPIC converter as a PFC unit is shown
in Fig 3.12 below which shows supply voltage (Vs) with a peak voltage of 311V, supply current
(Is) with a peak current of 13.3A, battery voltage (Vbar) Of 52.7V, battery current (lpa),
increasing State of charge (SOC%) showing charging of battery and THD% of 7.66%

respectively.
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Fig 3.12 Results for SEPIC converter as PFC for battery charging
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3.6 Zeta Converter

Zeta converter generates a non-inverting output voltage along with either lower or higher
voltage at output as compared to the input voltage. A general circuit diagram of Zeta converter
is shown in Fig 3.13.

s | (c:
IX

rren Lo
zd
+ iy ‘ +
Vs L, D C,

Fig 3.13 Zeta converter

On applying separate Kirchhoff’s law on switching of Zeta converter in two modes following

equations are used to calculated various parameters useful in designing of converter:

Output in terms of input is given by: V, =V (%) (3.58)
o _ VD

Ripple in Inductor currents: Al = (3.59)
1

Al =P (3.60)
)

Minimum Value of inductors can be calculated as per equations (3.61) and (3.62)

(1- D)’R
imin = 5nf (3.61)
@-D)R
Lo min = 2.62
2min 2 ( )
Ripple in voltages at both the capacitors is given by equations (3.63) and (3.64).
V.D
AVe = 25 (3.63)
t8fCly
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VD

AVe =—— (3.64)
“gt2c,L,
Minimum value of capacitors can be evaluated by following equations:
D

Cimin=——"— 3.65
1min 8f (1_ D)R ( )

Comi L (3.66)
2min 8fR :

3.6.1 Battery charging using Zeta as PFC unit

The configuration of battery charging using Zeta converter for power factor correction in
illustrated in Fig 3.14 which consists of an AC-DC converter unit (AC supply + DBR + EMI
Filter), a Zeta converter and flyback converter for isolation and further improvement in battery

current. This system is used to charge Li-ion battery acting as load as shown in Fig 3.14.

i LT K 1: ’

i ¥ il NDr !

i ZN 7S ¥ ik -g T

: 8 ik T T
- E H E ! i d CdC : [

Vs\YI == a AV4 == i|: Battery

: Cr it I D Cyil: ;

Vawaull IS TS 1 H :

' H 1 H — !

E : : ] : Sf :

DBR+ Filter Zeta converter Flyback Converter

Fig 3.14. Battery charging configuration with Zeta converter as PFC
3.6.2 Results & Discussion

The simulation results for charging battery by using Zeta converter as a PFC unit is shown in
Fig 3.15 below which shows supply voltage (Vs) with a peak value of 311V, supply current (Is)
with a peak value of 14.42A, Inductor 2 current (l2) with 47.82A as peak value, Capacitor 2
voltage (Vc2), battery voltage (Vbar) with a peak value of 55.03A, battery current (lpat),
increasing State of charge (SOC%) showing charging of battery and THD% as 5% respectively.
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3.7 Conclusion

The usage of DBR already introduces large number of harmonics in the charger circuit. So, by
using conventional DC-DC converters as PFC in charger configuration. The ripple reduction
is better as compared to the circuit not using PFC for EV charging. These converters usage
decreases THD to below 10%. Only Boost converter works not so apt in reducing input current
ripple, rest of the converters work well under specified THD levels. Buck-Boost converter
perform well as compared to boost converter whereas SEPIC, CUK and Zeta converters works
with better efficiency due to the added inductors and capacitors and hence improving the
current profile. Out of these best converters who works most efficiently is CUK converter in

terms of THD reduction as PFC converter.
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CHAPTER-IV

MODELLING AND ANALYSIS OF MODIFIED CONVERTERS

4.1 Introduction

Charging quality with conventional converters needs to be improved and requires more
advanced and efficient converters in the charging configuration and consequently modified
DC-DC converters are better than conventional converters in terms of improving power factor
of the system and reducing total harmonic distortion in the circuit. Modified converters are
configurations with rearrangement or addition of components like diodes and inductors to
improve the line current at input side. Some of the modified configurations like modified CUK
and modified Zeta have been discussed here in this chapter.

4.2 Modified CUK Converter

CUK converter has been considered as a best choice over other basic chargers as it has low
input and low output ripple in current and moreover with the modified structure of CUK
converter, better charging efficiency can be achieved. Low input current, lower
electromagnetic interference (EMI) noise, and decrease in ripple current at output along with
shielding against start up inrush current are the features of modified CUK converter. It consists
of less conduction losses as well due to the input side elimination of DBR. Overall modified

CUK converter is preferrable because it offers incorporated PFC features.
4.2.1 Working and Design considerations

The circuit of modified CUK converter with a rearrangement of diodes and inductors as
illustrated in Fig.4.1. consists of a Li-ion battery as a load getting charged with the help of a
modified Cuk converter. The flyback DC-DC converter follows power factor correcting device
for the better isolation properties and reduced THD. In design of modified CUK converter there
is an advantage of elimination of DBR as the modification. Due to this the input conduction

losses reduces thereby improving the battery charging system.
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Fig 4.1 Battery charging with modified CUK converter
4.2.2 Modes of charging

This converter has three modes of charging. Circuit is independently analysed in half-cycles

of operation (positive and negative).

> Mode-1: When Switch ‘S, is turned on, current flowing through the inductor starts to
rise, and it continues to charge, as shown in Fig 4.2 (a). The charging path includes an
inductor Ly, adiode Dg, aswitch S;, and D, diode. A charging path for the capacitor

includes an inductor and a switch.

L; Charging
MM —lprc
L, Charging ~= =
C,
. | Cs
Vs >=="| Flyback
Veee [t |Converter
ZN\ D; Q
D, B
<
Sifi

Fig 4.2 (a) Mode 1 of modified CUK converter
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> Mode-2: When the switch S; is switched off ,mode 2 begins immediately at an instant

t, When the inductor starts discharging via capacitor C; and diode D, the polarity of

the voltage changes at the capacitor C5. As a result, Cs is charging and Ly, L being

discharged in this manner.

L; Discharging

—lprc
L, Discharging >~ -
f"""i |C1
o C3
>~=<| Flyback
S% Veec | [converter
paN 0
D, o
=}
3

Fig 4.2 (b) Mode 2 of modified CUK converter

> Mode-3: This mode illustrates that inductor Ljis completely discharged and enters in

discontinuous mode whereas inductor Ly is getting discharged by diode D and capacitor

C,.

L, Discharging ~L -
S
1 Cs
| Flyback
S% Veee || |Converter
Z~
D, 5

Fig 4.2 (c) Mode 3 of modified CUK converter
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The redesigned CUK converter's DC connection is managed to achieve unity power factor.

Parameters of modified converter can be designed by the following equations:

Duty cycle for instantaneous operation of converter is defined by equation:

D= _Verc (4.1)
Verc +Vi

where V; =V sin(ot) ;o =271 .

In DCM mode ‘D’ varies between 0.5700 to 0.4493. During steady state operation of
converter,current in both the inductors increases. The values for inductors can be evaluated as

given by following equation:

2
L, =|Y L _Verc (4.2)
2 R J0.2fs Vpre +V;

Mid capacitors Cyand C,can be calculated as per equation (4.3).

Cpp= (VPFC j 1 VpEc (4.3)
“ AV ) (Vppc? /R) Vere +Yi

Where Ais the input current ripple . Output inductor is designed in DCM mode to get unity

power factor and is given by:

L3 :VPFC (1_ D) (44)
21, L

For reducing the size of converter output inductor is chosen to be 1/3 of the value calculated.

Capacitor Csis helpful in elimination of second harmonics in the converter.

|
C,=_PFC 4.5
3 DN (4.5)

Flyback converter produces a higher potential at the output to provide the required voltage for
battery charging. This is operated in CC-CV charging mode. This converter is made to work in

discontinuous mode by choosing magnetising inductance in such a manner that reduces current

drawn in CV mode. The turn ratio of high frequency transformer is taken as ‘N¢ ’. Flyback

converter design includes following equations:
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nfD

V, = Vi 4.6
) (46)
Where “V,,’ is the input voltage at flyback converter.
Magnetising current defined by ° Ly, and is calculated as:
Ly = @)
folm
DC link Capacitor ‘C,’ at output is given by:
DV,
Co=— 2 — (4.8)
fs ka (Vb / PI)

Where K is the ripple factor at output of DC link capacitor.

All designed values for modified CUK converter is mentioned in Table 4.1.

Table 4.1- Designed values for modified CUK converter

S.No. Parameters of Modified CUK Converter Designed Values
L Duty Cycle < D 0.57-0.493

2. Input Inductance L1,2 ’ 4.17mH

3. Middle Capacitors * Cl,Z ’ 0.9533pF

4. Output Inductor * L3 ’ 356.61pH

5. DC Link Capacitor * C3 ’ 1.5mF

6. Switching Frequency ¢ f 20KHz

7. Switching Frequency for flyback converter ¢ fSW’ S0KHz

8. Magnetizing Inductance of flyback converter * Lm ’ 164.37uF

4.2.3 Control technique

As converter switches require distinct controls, the control techniques for both converters are
illustrated in Fig 4.3(a) and Fig 4.3(b) (b). As shown in Fig 4.3 (a), the switch of the flyback
converter is assigned to the dual loop PI scheme, which tracks battery voltage and compares it
to the reference signal, thereby providing error signal to the current P1 controller, whereas the

modified CUK converter switch is simply assigned to the current Pl controller.
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Fig 4.3(a) Control for Flyback converter
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4.2 .4 Calculations of Kp and K|

Fig 4.3(b) Control for modified CUK converter

Low pass lat
p =

Let A1, A2, As be the state space matrix of mode-1, mode-2 and mode-3 respectively. For state

space matrix inductor currents and capacitor voltages are chosen as variables. Using KVL and

KCL equations for each mode state space matrix can be generated.

Let g =1 Xp=1_; X3=V¢ ; X4 =V,

(4.9)

A, can be calculated for mode-1 with the help of following equation and can be represented in

matrix form also.

0

0
X1
X2 |_
%310
X4

0

X = AX+B;
0 0 0
o -1 -
Ly Ls I
X2
1 0 0 X3
C, X
1,
Cs RC; |

For mode 2, A,can be evaluated as per equation (4.11):

Xo = PpX+ By
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o =X o
Ly
- 1
0 0 L—l X1 [L—]
3 1|x2 1
X3 +|0|VS
0 0 0 ||x] |o]
Lo
1, L
Cs RC3 |

For mode 3, Agcan be calculated as per equation (4.12):

X1
X
X3

X3 = AgX+Bg
0 _—1 0
L
- 1
o o tlm |[—]|
Ly ]x, L
x3 +|0|VS
0 0 || [OJ
0
0o L
RC3 |

For DCM mode, A= Ad; + Ayd, + Ag(1-d; —d,)

where d;and d, are duty cycles for mode 1 and mode 2.

0
X1 0
X |_
X3 1
X4 C_l
0 d
Cs

— 4+ =

1
Ly
- 1
0 L—l X1 r
3 ||x, 1
X3 lo]|Vs
0 0 X4 0
0
o 1
RC;3 |

(3.12)

(4.13)

After performing steady state analysis of above state matrix equations, transfer function can be

found out and using routh Hurwitz method critical value K., can be find out easily and further

values of Kpand K| can evaluated.
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Kp =0.45K, (4.14)

K, = 1.2Kp (4.15)
TCI’
T, = 2z (4.16)
@cy

4.2.5 Simulation Results

The simulation results for charging battery by using modified CUK converter as a PFC unit is
shown in Fig 4.4 below which illustrates supply voltage (Vs), supply current (ls), battery
voltage (Vrat), battery current (Ivat), State of charge (SOC%) and THD% respectively.
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Fig 4.4. Results of modified CUK converter as PFC for charging
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4.3 Modified Zeta Converter

A conventional Zeta converter although comes up with many advantages but at higher ratings
the voltage stresses at PFC switches becomes high so in order to overcome these problems a
new modified configuration came in picture having two additional switches and two additional
clamping diodes in order to rectify the problems arisen due to switching stresses. Modified
configurations provide When compared to standard link voltages, DC link voltages have a
lower duty ratio. There is no inclusion of any extra capacitors or inductors which could increase
the size and thereby increasing power density of the whole system which could suppress the

advantages of using modified converter as PFC.

4.3.1 Working and Design considerations

The design configuration of modified Zeta converter as PFC is exhibited in Fig 4.5 which
consists of a DBR, PFC converter followed by flyback converter which is helpful in reducing
furthermore ripples as it is having high frequency transformer and high switching frequency.
Modified Zeta converter is reducing THD as well as reducing stress at DBR switches also
because of its design. The rearrangement of diodes and extra switches involved can be clearly

depicted from Fig 4.5.
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.\1
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N
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---.-:K.I'"'
V
BT
7
)

.
Lecececccecceccac bacceccccceccacccccccccaccaccancancanaanal lececccccccccccccccccaccaccaccanaalbccaas

DBR+ Filter Modified Zeta converter Flyback Converter Battery

Fig 4.5 Modified Zeta Converter
4.3.2 Modes of operation
> Mode-1: This mode operation involves switches S;, S, switched simultaneously while
inductor Ly starts charging via supply. Diode D, is in non-conducting state. As
inductor L, is storing energy, at the same time voltage across capacitor C,; starts

reducing as can be seen from Fig 4.6 (a).

43



|

£

oN

8

Flyback
__'__Ié:l_m L2 | converter |
f [—

| ==

Fig 4.6 (a) Mode 1 of modified Zeta converter

> Mode-2: From Fig 4.6 (b) it can be observed that switch S;, S, both are in off condition
in mode 2 while diodes D;, D, and clamping diodes become forward biased.
Capacitance Cy is getting charged through D, diode. Inductor L is getting discharged
by diodes Dy and D,. Inductor L, supplies rest of the part of system with the help of

capacitor C,and diode D .

=
[ZXZx | Z%
Vs == St enl T
f — a4
* .
§L1 D, ¢

Fig 4.6 (b) Mode 2 of modified Zeta converter
e Mode-3: In this mode, system enters in DCM mode or in other words freewheeling
period as clamping diodes and both switches remains in off state as per Fig 4.6 (c).

Inductances Ly and L has currents in such a way that current in diode is tend to be zero.

C, i.e., the transfer capacitance supplies energy requirement of load via Lyand C,.
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Switches S;, S, and diodes have peak voltages quite less than the conventional

converter and is given by:

AL
PANVAN
Vs ( ~L RPN Py
. —e—
PANYAN L
C +*
%Ll Do (e

Fig 4.6 (c) Mode 3 of modified Zeta converter

The design of modified Zeta converter is illustrated in following equations given by:

To make Zeta converter work in DCM mode, Duty cycle is calculated as:

D(t) = (4.18)

VS
V, ++/2V
where V, is the DC link voltage at Zeta converter

Critical value of Input Inductance Ly is calculated as:

o2
L = Vsmin Vs |Is (4.19)
P \V,+2v, ) 2

where Ty is the switching time period of Zeta converter.

Critical value of Series capacitance is given by:

C = P (4.20)

uf (V2+\/§Vsmax)

where £ is the ripple factor for series capacitance
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Critical value of inductance ‘L’is given by:

Vi 2 V 1
L, = smin S = 4.21
2 { P J(Vz +\/§VSJ/H ( )

where A is the ripple factor for current in inductor.

Critical value of DC-link capacitance for Zeta converter is given by:

I
-2 4.22
27 an AV, (4.22)
Filter is designed to improve the current profile at the input of Zeta converter. It has an
inductance and capacitance designed accordingly to decrease the ripples in input current.
Critical value of filter capacitance is designed as:

Ptan@
oF = (4.23)
" o ch52
Filter inductance ‘ L ’ is calculated as:
1 (0.0av?)
Ly = 5 - (4.24)
A fC Cf 2r fP

where f, is filter’s cut off frequency which is chosen to be 1/10 times of the frequency of

converter.

In design of flyback converter magnetizing inductance plays an important role. Chosen value
of the magnetising inductance should be lower than the predicted critical value.. Magnetizing

inductance’s critical value is given by:

2
L, = (Df—vz) (4.25)

2 1Esw lgcVac
where * g, ’is flyback converter’s switching frequency.

All designed values for modified Zeta converter is mentioned in Table 4.2.
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Table 4.2-Designed values for modified Zeta converter

Parameters of Modified Zeta Converter Designed values

9. Input Inductance ¢ Ll ’ 110puH
10. Input Series capacitor * Cl ? 0.838uH
11. Output capacitor ¢ C2 ’ 2mF
12. Output Inductance Lz ’ 2.8mH
13. Filter Inductance * Lf K 4mH
14. Filter capacitance ¢ C £’ 580nF
15. DC link capacitor Cdc ’ 3mF
16. Magnetizing inductance * Lm ? 130pH
17. Zeta converter Switching frequency * f 20kHz
18. Flyback converter Switching frequency ° fSW > 50kHz

4.3.3 Control Technique

The control technique this charging model is having two separate P1 loops for each i.e., Flyback
converter is being operated on cascaded loop of PI control which tracks battery voltage as well
as keeps battery current in limits as shown in Fig 4.7(a). Battery voltage is being compared
with reference voltage to produce an error signal fed to voltage PI controller which in turn is
generating error signal to feed into current controller, further pulses are generated with PWM
generator unit and switches Sywhile Modified Zeta converter has single P1 loop control. It
feedbacks DC link voltage after getting compared with reference voltage and gives the pulse

for switching S; and S, used in modified Zeta converter as per Fig 4.7(b).

Voltage Irer [ Lowpass | Io Le
Controller filter (RC) T
Vet le Battery
J_U_L PWM Current
<€+ generator | controller

Fig 4.7 (a) Control for flyback converter
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Fig 4.7 (b) Control for modified Zeta converter

4.3.4 Calculations of K, and K,

Let A, Ay, A be the state space matrix of mode 1, mode 2 and mode 3 respectively. For state

space matrix inductor currents and capacitor voltages are chosen as variables. Using KVVL and

KCL equations for each mode state space matrix can be generated.

Let Xy =1l1, X2 =12, X3=Ve1, X4 =Ve2 (4.26)

For mode 1 matrix A is given by: x = AX+B;

i = Vs (4.27)
Ly
x'Z: \54_&_& (428)
L, L L
1
e X 4.29
) (4.29)
. _0X X4
Xp= —— 4.30
=2, RG, (4.30)
r 0 0O O 0
o o L -1
Ly Ly
A=lL o o 0
G
1 0 o -1
| Co RC, |

Similarly, for mode 2 matrix A, can be calculated as:
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(4.32)

(4.33)

(4.34)

(4.35)

(4.36)
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For DCM mode:
Average A=A dy+ Aydy + A5 (1-dy—dy) (4.39)

where di, dz are duty ratios for mode 1 and mode 2 respectively. Matrix ‘A’ is generated after
solving equation (4.23). This is used to find out transfer function of the respective model.
Tuning of Pl can be done using various methods. This model includes tuning via Zeigler
Nicholas method where transfer function is calculated with the help of steady state analysis

and state space modelling. The critical value of * K, ’ can be calculated using Routh Hurwitz
criteria which is consisting of auxiliary equation helpful in finding out the value of ‘ T, . By

Zeigler Nicholas method, values of “ K, ” and * K, ’ can be calculated as:

K = 0.45Ke (4.40)
12K,
| = (4.41)
TCI'
— (4.42)
@cy

Critical value of * K’ can be calculated by Routh-Hurwitz criteria.

4.3.5 Simulation Results

The simulation results for charging battery by using modified Zeta converter as a PFC unit is
shown in Fig 4.8 below which shows peak value of 311V as supply voltage (Vs) , supply current
(Is) having peak value 14.42A, Inductor 2 current (li2), capacitor 2 voltage (Vc2), battery
voltage (Vrat), battery current (lvat), State of charge (SOC%) and THD% respectively.
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Fig 4.8 Results for modified Zeta as PFC for battery charging
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4.4 Conclusion

Modified converters are better in improving current profile of input current as compared to
conventional converters as we can observe it from the results due to their bridgeless nature
DBR stresses gets reduced in the circuit. Along with these other modifications like
rearrangement of diodes and inductor, capacitors resulting in an improvement in overall

efficiency of the circuit charging the battery. Hence, they are more effective in improving THD.
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CHAPTER-V

MODELLING AND ANALYSIS OF INTERLEAVED CONVERTERS

5.1 Introduction

Interleaved converters are the improved converter forms of various conventional converters.
Interleaving is also known as ‘multi-phasing’ i.e., a technique useful for the filter components
size reduction. These converters are generally 180°out of phase. It can be made by interleaving
the two converters in combination of one which is helpful in improving power factor correction
features thereby making it a low-cost efficient component to be used in EV for charger

applications.
5.2 Interleaved Luo

Interleaved Luo is the configuration made by interleaving two converter cells into one and
converting them into parallel combination of two Luo converters. The operation of converter
takes place with a shift of 180°. The converter has an inbuilt property of ripple cancellation
within the circuit due to its interleaving structure and arrangement of two Luo converters in

systematic manner which makes it more suitable for working as a PFC converter in charging.
5.2.1 Working and Design considerations

Interleaved Luo converter's design is illustrated in Fig 5.1. which shows two Luo converters
are made to work as one by connecting them in parallel and this configuration is followed by
a flyback converter having high transformer frequency thereby charging a battery.

' L+ S1 D, Ls
: % mmn
; - 222
L
sl =~ =~

Vs (-,}'J; ; c, Csi

i S;
DBR + Filter Interleaved Luo converter Flyback converter Battery

Fig 5.1 Interleaved Luo Converter Configuration
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5.2.2 Modes of Charging

> Mode-1: As mentioned in Fig 5.2 (a), when the switch §; is turned on, the inductor L,
begins charging and stores energy from the supply mains, while the inductor Ly is
discharging via diode D, (forward biased) by transferring energy to it. Capacitor C;is
getting charged and resulting in increase of voltage across it while capacitor C, is

discharging through Ls.

C, charging
L¢ I_Has; L3
(YY"
12
. J../ _HJDZ L ~L
CT_ \L L T—C Flyback
t ; L * | converter
—>
o
Ll L2 Cl CZ
L, discharging L, charging C, discharging

Fig 5.2 (a) Mode 1
Mode-2: This mode's operation is shown in Figure 5.2 (b) where S, is the lone switch
that is conducting and thus L,is storing energy through the supply lines. During this
procedure, the inductor Ly is totally depleted and enters DCM mode. In this mode, the

diode D, is reverse biased and begins to discharge C; and C,.

C.discharging

L
f _I:lhi—isl L3
@I = = Flyback
C C ybac
i . ; - =L * | converter
L, C.|C,
I |
L. completely L,charging C, discharging

discharged

Fig 5.2 (b) Mode 2
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Ll

> Mode-3: Sjand S, both switches are acting in off condition as illustrated in Fig 5.2 (c)
Inductor L, isstill in DCM mode and starts discharging via diode Dj as it is conducting.
Immediate charging of capacitor C, starts meanwhile the voltage across capacitor C;

starts decreasing as it is discharging via L.

C,discharging

I—f D1 L3
Yy yym
L,
Y - - Flyback
C
S Ci \L L * | converter
— o
|_2 Cl CZ
L. completely |, discharging C,charging

discharged
Fig 5.2 (c) Mode 3
Mode-4: In Fig 5.2 (d) the moment when the switch S, is made on, voltage across C,
starts rising and diode D,and inductor L,. whereas inductor Ljis gaining energy via

supply mains meanwhile C;discharges through L, and current is supplied to the

battery.
C.discharging
L D L
f |:I 1 3
N7
Naye -
. ) Yyyn SN~
T 1381 . Flyback
Cs \l/ P Cs | converter
VAVAN —>§ § N P B
Ll Lg Cl CZ
L, charging L, discharging C,charging

Fig 5.2 (d) Mode 4
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» Mode-5: In this mode diode D; and switch Sjare non-conducting in nature which
shows that inductor L, energy is completely discharged and current starts decreasing
through it while switch S, is still in on mode as per Fig 5.2(e). Current in L keeps on

increasing as it is charging. Both C,and C,are getting discharged through Lzand L.

C, discharging

L3
__[Yymnm
Ly
Yy, SN~—A
\L __C Flyback
Ly 3
~L converter
<=
C, | G
L, charging L, discharged C,discharging

completely

Fig 5.2 () Mode 5
> Mode-6: Switches S;and S,as well as diode Djremains off in this mode as per the
illustration in Fig 5.2(f). Inductor L, is discharged completely as it enters in DCM mode
while diode D,starts conducting gradually. Capacitor C;is charging via L, and

voltage starts building up across the capacitor.

C,charging
Lf |—3
YYY\_ __Yym
" ~L I/I D2 Yyyn L4 N~
C__ N \L __C Flyback
S f ~L|L | converter
— 3 -
L, C | C
L, discharging L, discharged C,discharging
completely

Fig 5.2 (f) Mode 6
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The DC voltage generated at DBR's output is the average voltage Vj,, given by equation (5.1)

Design of interleaved Luo converter in the charging of battery is defined by the following

equations discussed below:

(5.1)

V is the supply voltage. The output and input voltage are interconnected as per equation (5.2)

D-_Va (5.2)
Va +Vin

where V; is the voltage generated at DC link of Luo converter and D is the duty cycle of
interleaved converter. It varies between a minimum value of 0.56 to maximum value of 0.66.

Converter has two inductors Ljand L, at the input, they are made to work in DCM mode. So,

the critical value of Ly, L,is calculated as follows:

L,= Dmin - I:)min) (5.3)
’ 2 fslbat

where f, is the Interleaved Luo converter switching frequency while 1 is the current which

can be calculated as per equation (5.4).

b=y~ (4.4)

The critical value of mid capacitors C; and C, is given by:

V,D
Ci2= % (5.5)
where ¢ is the capacitor voltage ripple and R is the load resistance.
The output capacitors of converter i.e., Lyand L,have the critical values as given by:
|_3’4 Ibat Dmax (5.6)

T 161.2C;,(0/2)
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where o is considered as ripple in current of inductor. Output capacitor Cof Luo converter

i.e., DC link generated at output of Interleaved Luo converter is given by:

|
C, — _Ibat 5.7
3 20)AV3 ( )

where AVjis the ripple voltage at Cs.

Flyback converter design consists of a transformer providing isolation, a diode D¢ , a capacitor

Cpc at output and a switch S;. The selection of magnetizing inductance L, plays an
important role in high frequency transformer operation as well as flyback converter operation.

It is chosen to be very less than the calculated critical value. Value of L, is given as:

D.)2
o= M (5.8)
2 beat Ibat
Duty cycle Dy, for flyback converter operation is given by:
V.
Dy = : (5.9)
(N /Np WVpat +Va

Where (ns/np) is secondary to primary turn ratio and is considered as (1/3) here. For the

minimal ripple in the output current, an output DC link capacitor Cpc is employed. It can be

estimated as:

Dt Vbat

__ OfoVbat (5.10)
f (Voart? /P2

Cbc

where  represents the battery voltage ripple.

All designed values for interleaved Luo converter are mentioned in Table 5.1.
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Table 5.1-Designed values for Interleaved Luo converter

Parameters of Interleaved Converter Designed values
1 Supply voltage VS 220V
2. Average output voltage Vin 198V
3. Duty ratio (Interleaved Luo) D 0.56-0.66
4. Switching frequency fs 20kHz
5. Input inductors L1’2 150pF
6. Mid capacitors CJ.,2 0.44pF
7. Output inductors L314 2.35mH
8. DC link capacitor C3 800uF
9. Magnetizing inductance Lm 130pH
10. Switching frequency f 50kHz
11. Duty ratio (Flyback) D b 0.394
12. Output DC link capacitor CDC 1500uF

5.2.3 Control Technique

The suggested system uses a balanced control topology to deliver pulses to an Interleaved Luo
converter that are 180 degrees phased apart. As shown in Fig 5.3(a), the DC link voltage
produced at the output of the interleaved Luo converter is compared to the reference DC voltage
controlling and fed to the voltage Pl controller. As per Fig 5.3(b), the switching of a flyback
converter involves a dual loop control of Pl in which the battery voltage is detected and
compared to a fixed voltage taken as reference, and the compared value is fed to a voltage Pl
controller and cascaded with a current Pl controller, which in turn generates controlled pulses

for the flyback converter switch.
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Fig 5.3 (a) Control for Luo converter
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Fig 5.3 (b) Control for Flyback converter
5.2.4 Simulation Results
The simulation results for charging battery by using modified Zeta converter as a PFC unit is
shown in Fig 5.4 below which shows supply voltage (Vs) with a peak voltage of 311V, supply
current (Is) with a peak value of 22.37A, Inductor 3 current (Ir3), Inductor 4 current (Ira),
battery voltage (Vuat), battery current (lna), State of charge (SOC%) and THD% as 4.66%

respectively.
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Fig. 5.4. Results for interleaved Luo as PFC for battery charging

5.3 Conclusion

Interleaved converters give excellent results as compared to conventional converters and also
better for modified converters in some cases. As it can be seen from above analysis that THD
has been reduced to great extent as well as power factor tends to unity which is desirable in

charging of EV.

63



CHAPTER-VI

HYBRID EV CHARGING SYSTEM

6.1 Introduction

The basic charging system deals with DC-DC converter as power factor correction unit to lower
down THD and improving power factor but as per the technology advancements research
towards hybrid systems of charging is shifted which include sources like solar apart from AC
mains or grid to charge the battery. It can boost up the process of charging and can be helpful
in case of lack of supply also. So basically, hybrid systems can improve reliability of the whole
charging process and hence of vehicle. Such a system is discussed in further sections in this
chapter. According to a thumb rule, it is required to have 10 metre square area for installing a
solar capacity of 1 kW. So, in LEV’s area constraints are there which restricts the installation
of higher capacity panels on their rooftop. Still their efficiency can be improved even with low
power solar PV installations up to 500W and in some cases if vehicle can accommodate more
panel, then it can be up to 700W. In hybrid systems which includes use of supercapacitors,
Flywheels, Fuel cells etc. Supercapacitor is a new and willing area for further researches in
charging system of EV. A general layout of hybrid charging system topology having
supercapacitor is shown in Fig 6.1.

Al _mv\i
~L 3
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Battery barS T 1R,
C
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— — — — — Isc Load
I v bscl
| ) |
=L I[oc_
Csc ||~ Dc_
| |
)

— e — — -

Super Capacitor

Fig 6.1 Supercapacitor in battery charging
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6.2 Bridgeless Isolated Zeta Converter aided with Solar photovoltaic system

An onboard battery charger with a bridgeless isolated Zeta converter as a PFC unit is aided
with solar PV for battery charging in this configuration. Bridgeless system is used because of
elimination of DBR in its circuit leads to reduction in conduction losses at input thereby
improving the battery charging process. The solar PV aided system can charge the battery in
the absence of AC power and can also increase battery charging in the presence of power and
a PFC circuit. The CUK converter in a solar PV circuit reduces the DC voltage generated at

the PV input to the desired level by varying the duty cycle of the switch.

6.2.1 Working and Design Considerations

The PFC converter works in three modes depending on the basis of switching of S; and S,.

Isolation polarity decides the on and off working of the components at output side of bridgeless
isolated Zeta converter. The designed converter is made to work in DCM mode. Fig 6.2 depicts
the configuration for how an integrated system operates to meet the needs of a dependable

system.

| 1
t Ipy Lvi |{ Cv2 Ly, :
|\L 5 I\ :
}
] D !
| %Z -
| | [Cw Sv !
[ [ S I
PV Array Vev CUK converter
Veyes| MPPT PWM
I algorithm Generator
PV ——>}

} 1! 1
| 1! |
] 1! 1
1 L, 1! S D; _|/ C, L |
| 1! _ \ :
| 1! ]
| 1! 1
vsi ol Mo L
1 1 N
. : . 1_3 D3 Cq :
| 1! 1
| 1! |
| 1! == 1
| 1! T
1 1
. i S D, !
____________________________________ —
EMI Filter Isolated Zeta converter T4 u
Battery

Fig 6.2 Isolated Zeta with PV Configuration
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» Mode-1: Fig 6.3(a) and Fig 6.3(b) represents mode 1 during positive and negative half

cycles respectively. Positive half cycle’s operation includes switch S;becomes on and

consequently upper half of the transformer is in working mode i.e.; energy is stored in

magnetizing inductance causing capacitor C,to be in charging mode whereas diode D3
is in non-conducting state. Battery is charged via Cjand L as illustrated in Fig 6.3(a).
In case of Fig 6.3(b) during negative cycle switch S,is on and upper half is non-
working. Diode Dsis in forward biased and in working condition. Charging voltage is

supplied by the output capacitor in this mode.

C1 charging
- \/ Ibat

/ \

L C, L

s ( H_mn
\ rd
vsi ¢ “CNZ VAN ~
Positive Half Cycle [ D; Cq

Energy storage and transfer
from upper N; to N,

EMI Filter Isolated Zeta converter

Battery

Fig 6.3 (@) Mode 1(a)

C,is discharging

S ,
L i nyD: _\,:IE \Ci ol -
f | -== N
Negative Half Cycle N ‘ D; Cq
|;|_ S D. Energy storage and transfer
Szison from Lower N; to N,
EMI Filter Isolated Zeta converter

Battery

Fig 6.3 (b) Mode 1(b)
> Mode-2: After mode 1 both the switches are made to turn off in mode 2 as shown in
Fig 6.3(c). In this charging of the battery is ensured by the output inductor as both the

switches are in off condition and magnetizing inductance is also getting discharged.
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» Mode-3: The magnetising inductance has been discharged fully in mode 3 and isolation
is created from primary side of the transformer as can be seen in Fig 6.3(d) and the

charging of battery is now completely the task of output inductor.

L Sy D _|@mL Ibat

<
£|
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I\
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magnetising inductance
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Fig 6.3 (d) Mode 3

A battery of 48V is getting charged with the help of PFC fed circuit as well as from solar fed

circuit having CUK converter in it. The bridgeless isolated zeta converter is supplied by input
supply as defined by:

Vs (t) =V sinat ; where wis 27 f and frequency f is given by 50 Hz. Output equation for

charging is given by:

Vo = (&} (Ljvin (6.1)
N; \1-D
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N5 ). . . .

where (N_Zj Is the transformer turns ratio considered as 1:2 here and Vj, is the average voltage
1

given as:

Vin=—> (6.2)

The critical magnetizing inductance value can be calculated as per the given equation (5.3) and

the chosen inductance value should be very lower than the critical value.
2
Y4 Jo-or
- 2
N3
ZDfS( Al)

where fgis PFC converter’s switching frequency. The capacitor C;present at the middle of the

Lm

(6.3)

circuit and is found with the help of equation (6.4).

Cl = VOD 2 (64)
V
AVc, f{ 0 % J
The inductor L at output has specifications given by:
L =Yol=D) (6.5)
f Al

where, Al isthe ripple ininductor current and it is regarded as 10% of inductor current. Output
inductor value is high as it fulfils the energy requirement of load during the entire switching
process. The DC link capacitor Cy at the output of PFC converter is calculated with the help

of equation (6.6).

|
Cy=—2 6.6
d ZC()AVd ( )

where AV is the DC link’s voltage ripple which is chosen as 2% of the capacitor’s DC link

voltage.
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Filter capacitance Cqand Lgare given by the equations (6.7) and (6.8) respectively. The

calculated value is the maximum value of filter capacitance and chosen value should be less

PJ%
Ci=—<—tand (6.8)

aVp,

than calculated one.

Where @is the angle of displacement in supply voltage and current at mains.

1

= (6.9)
A2 fCZCS

S

Where f_is filter’s cut off frequency which is chosen as 1/10™ of the converter frequency.

The design of CUK converter used in Solar PV circuit for getting the desired voltage for battery
charging are given as follows: Inductors L,and L,,are calculated by the formulas as per

equations (6.10) and (6.11):

_ (1-D)(v,2
|_V1__2Df [ 4] (6.10)

_ 2
Lz =%(V° 4 j (6.11)

The capacitors C,;and C,, are given by the equations (6.12) and (6.13).

DV,
Cy = \;’ > (6.12)
vt 7
1-DV,
Cyp = % (6.13)
8AV, f2L,,

All the calculated values for designing of isolated Zeta converter is mentioned in Table 6.1
while for CUK converter used in PV is mentioned in Table 6.2.
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Table 6.1-Designed values for Isolated Zeta converter

Parameters of Isolated Zeta Converter

Designed values

Supply voltage VS 220V
Average output voltage Vin 198V
Switching frequency fS 20kHz
Filter capacitance CS 330nF
Filter Inductance LS 3mH

Output Capacitor Cl 330nF
Output Inductor L 0.8mH
DC link capacitor Cd 10mH
Magnetizing Inductance Lm S0uH

Table 6.2-Designed values for CUK converter used in PV

Parameters of CUK converter used in PV

Designed values

Input Inductor Lvl 2.3mH
Output Inductor LV2 2.5mH
Input Capacitor Cvl 100pF
Output Capacitor Cv2 SuF

6.2.2 Control Strategy

(6.16) can be used to find out the values of K, and K.
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Isolated Zeta converter has two switches S;and S, which are controlled using cascaded P1 loop

as shown in Fig 6.4, in which battery voltage is then compared to a voltage that has been taken
as a reference voltage and voltage controller is fed with error voltage. The output signal of
voltage PI controller is compared with the current PI controller receives the battery current

which in turn generates pulses with the help of PWM generator. For Pl tuning method opted

here is Zeigler Nicholas. Before finding the values of Kjand Kjit is important to obtain

transfer function of the system which has been achieved using the aid of steady-state

simulations and using state space method. After finding out transfer function, Routh Hurwitz

method is used to find out the critical value of K, afterwards equations (6.14), (6.15) and




Tor=—
Wcr
K, = 1.2Kp
Ter
Kp =0.45K,

(6.14)

(6.15)

(6.16)

In solar PV system, the switch S, is controlled with the assistance of maximum power point

tracking (MPPT) algorithm which is P&O technique here. The flow chart in Fig 6.5 shows the
working of this technique in proper manner. Maximum power from PV array is extracted by

using CUK converter as shown in Fig 6.2 and variation in duty cycle is used to achieve the

maximum point of power in P-V curve at the concerned irradiation.

Vbat

Viat* — Voltage
Controller

I bat

*
Ibat Ie

Current
Controller

PWM

A 4

generator

—IUL

ToS;and S,

Fig 6.4 Control for Isolated Zeta converter
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6.2.3 Simulation Results & Discussion

The results for PFC Zeta converter are as shown in Fig 6.6. It can be clearly observed that
supply voltage and supply current are in phase showing the power factor closer to unity.
Constant battery voltage is showing the charging of battery constantly. Negative battery current
is a sign of charging of battery and hence li-ion battery of 48V,100Ah is getting charged with
a constant current of 10A. Increasing SOC% is another parameter showing charging of battery
as in Fig 6.6. THD of input supply current is found to be 1.30% which represents reduction in
ripple to a large extent in the circuit. Overall battery is getting efficiently charged with the help
of bridgeless PFC Zeta converter. In Fig 6.6. charging via solar fed CUK converter has been

illustrated at solar irradiation of 1000W/-m”2.
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Fig 6.7 Charging characteristics of solar fed CUK converter charging at solar irradiation 1000W/m?: Vpv (V),
Ipv(A), Ppv(W), Vbat(V), lhat(A), SOC%

6.3 Conclusion

An assisted solar PV charging has been presented in this repot which is a cost-effective and
efficient approach for the charging of battery in LEV’s. The effectiveness and reliability of
system has been improved by utilizing the grid power as well as solar power to enhance the
battery charging. THD of the system has been reduced to 1.30% while using PFC bridgeless
isolated Zeta converter and in addition to this power factor is closer to unity while battery is

getting charged with this prototype.
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CHAPTER-VII

CONCLUSION AND FUTURE SCOPE OF WORK

This work reflects how EV charging system works and what are the charging techniques and
configurations which can be used in onboard battery charging of EV. All the possible
topologies and configurations have been studied to understand the working and design of EV
charging system and it is found out that which topology works better inside onboard battery
charger which can reduce THD to an extent where it can come under specified normsi.e., THD
<5% according to IEC 61000-3-2 standards. All the models have been simulated in
MATLAB/Simulink and results have been presented within each chapter. Mainly the DC-DC
converters are being focussed under onboard battery charging, which are responsible for the
improvement in power factor of the circuit w.r.t charger. So broadly we have discussed

following converters so far:

% Conventional Converters
% Modified Converters

% Isolated Converters

% Bridgeless Converters
% Interleaved Converters

New techniques involve:

%+ Switched Capacitor/Inductor
%+ Hybrid charging systems
% Supercapacitors

«» Combinational Converters

All the systems are simulated in MATLAB to get the results for voltage, current and SOC%
of battery which is being charged. A negative current and increasing SOC% shows the
charging of battery while positive current and decreasing SOC% illustrates discharging of

a battery.

It has been noted that although buck-boost converter gives good results in conventional
converters but to improve power factor further other modified converters have been used
and they have reflected the good results performance. Main results that show reliable and
sound operation of converter is THD of input current and power factor (should be closer to

unity or unity) is illustrated in Table 7.1. In the circuit where DBR is replaced or rearranged,
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it can be seen that stresses on input switches becomes very less and charger’s operation is

smooth.
Table 7.1: Comparison of different converters as PFC
Converter Type THD% Power Factor
Boost Conventional 9.06% 0.957
Buck-Boost Conventional 6.55% 0.968
CUK Conventional 7.43% 0.964
SEPIC Conventional 7.66% 0.963
Zeta Conventional 5% 0.975
CUK Modified 4.82% 0.976
Zeta Modified 7.67% 0.963
Zeta Isolated 1.30% 0.994
Luo Interleaved 4.66% 0.977

On a concluding note, the quality of input current improves as the modifications in the
respective conventional converters are made. As it can be observed from the comparison
chart analysis illustrated in Fig 7.1 in relevance of CUK converter, Zeta converter and Luo
converter for various configurations. It shows that how THD reduces and power factor

reaches closer to unity as per Fig 7.2, on making changes in the PFC converter.

THD%
100
50 48
. 46
10743 466 482 286 1.3
0

m Conventional Zeta without PFC Conventional CUK without PFC

Conventional Luo without PFC Conventional Zeta with PFC
® Conventional CUK with PFC

Modified CUK

® Interleaved LUO
Modified Zeta

Isolated Zeta

Fig 7.1 Comparison chart for THD%
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Fig 7.2 Comparison chart for power factor at different load

The future scope work includes study, implementation and understanding of the following
work:

% Study and implication of bidirectional charging of Electric Vehicle.
Till now the work in this report is concise to unidirectional onboard charging only.
As bidirectional charging involves flow in both directions, it is becoming very
popular in EV charging area which needs to be studied.

%+ Working on new techniques like switched capacitor/inductor etc.

% Exploring more in hybrid systems.

% Hardware implementation of the simulated models.
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