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ABSTRACT

Electric vehicles (EVs), which are gaining popularity as a green and effective method
of transportation, have significantly accelerated the electrification of transportation in
recent years. The effective charging of the electric vehicle battery is one of the main issues
facing EV adoption. AC/DC and DC/DC converter-based charging systems have become
crucial parts of the EV charging infrastructure as a solution to this problem. In order to
minimize charging time, increase charging efficiency, and guarantee the longevity of the
EV battery, efficient power conversion in both the AC/DC and DC/DC converters is
essential. Therefore, to improve the effectiveness and performance of these converters,
cutting-edge power electronics technologies are being used, such as wide-bandgap
semiconductors (such as silicon carbide and gallium nitride) and high-frequency

switching techniques.

This thesis describes the implementation of a three-phase grid-connected electric
vehicle (EV) battery charging system made up of two conversion stages: an AC-DC stage
with a three-phase Active Front End (AFE) rectifier and a DC-DC stage with a single-
phase Dual Active Bridge (DAB) converter. Because of its high voltage conversion ratio,
power density, and galvanic isolation, the DAB is chosen for the DC-DC stage. The AC-
DC stage's LCL filter at the input is made to suppress the harmonics in the input current.
To obtain the necessary DC link voltage, the active front-end rectifier is under decoupled
DQ control. To increase battery voltage and decrease ripples, the Dual Active Bridge
(DAB) is controlled in a closed loop using an LC output filter. For various load values,
all of the switches achieve zero voltage switching (ZVS), which enables the converter to
have reduced switching loss and provides higher efficiency. The system is designed for a
10-kW power rating, and MATLAB/Simulink is used to simulate the system under

various load circumstances in order to assess the resilience of the converter and controller.
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CHAPTER-1
INTRODUCTION
1.1 BACKGROUND

In response to developing worries about climate change, several governmental
and business stakeholders have advocated reduction in utilizing petroleum as the direct
energy source to power transport system. When battery electric cars (EVs) are connected
to the grid, the on-board battery systems can be recharged with environmentally friendly,

natural energy sources, which can help cut down on the consumption of petroleum.

When converting to an electrically powered transport system, a battery backup
that can support the vehicle's energy and power requirements is required. The practicality
and affordability of EVs have grown as a result of the significant breakthroughs made in
lithium-ion batteries over the past several years. The cost of batteries has significantly
decreased and is currently approximately $120 per kWh. [1]- [3]. In spite of enormous
enhancement in Li-ion battery energy density and higher efficiency, the range of driving
electric vehicles for a single charge is still less as compared to traditional petrol vehicles
owing to the orders of magnitude greater energy density compared to petroleum. In
conclusion, there are still considerable obstacles preventing a more general adoption of
EVs, including lithium-ion battery deterioration at relaxation and during periods,
electrochemical process constraints on charging rate, and low energy density (in
comparison to petroleum). Even if costs are going down and performance has

considerably increased, this is still the case.

Along with the drawbacks of Li-ion battery technology, the lack of a refilling
structure can rapidly and smoothly recharge Electric Vehicle to increase driving on long
excursions continues to be a key barrier to the widespread adoption of EVs. Consequently,
there is an immediate need for a parallel EV charging infrastructure to complement
existing diesel fuel stations, particularly in areas where long travelling is prevalent. When
creating and implementing such an infrastructure for charging electric vehicles, a complex
range of technical and policy implications, taking into account conflicting industry norms,

accessible advances in technology, grid effects, and other technological difficulties.



Modern dc fast chargers employ two power conversion stages to transform 3-
phase input ac voltage up to 480 V into the required Vpc: an AC-DC stage with PFC,
which transforms 3-phase ac voltage into the desired Vpc; and a DC-DC stage, which
transforms the output dc voltage produced from the AC-DC stage into the controlled dc
voltage necessary to charge the EV battery. The Isolation provided to the battery of electric
vehicle and the grid be achieved in one of two ways: either before the AC-DC stage install a
transformer, followed by a DC-DC stage with no transformer isolation, to ensure isolation from
the grid, or by using a high-frequency transformer housed inside an isolated DC/DC converter, as

shown in Figs. 1.1 and 1.2.
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Figure 1.1 Non-isolated DC/DC converter connected Single module charger
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Figure 1.2 Isolated DC/DC converter connected Single module charger

Several similar modules are linked alongside to boost the Po if a single-module

charger is unable to provide the system's required power.
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Figure 1.4 Multiple paralleled modules shown in Fig. 1.2

The batteries' charge acceptance capacity and the charger's wattage ratings, limit

the amount of power transferred to the EV. The connector rates are specified by the

standard, and the highest power capacity is currently supported by the CHAdeMO

standard. Larger diameter cables are needed for high charging current in order to prevent

overheating. Modern 50 kW fast chargers have cables that weight around 9 kg [4]. Weight

of cable for 200 kW charging may be greater than the safe lifting limit for one person

(22.7 kg) if the battery voltage remains at 500 V. Power transfer for greater voltage ranges

is one technique for giving the vehicle more power and reducing cable.



EVs are probably creating issues for the utility because of growing adoption of
EVs and the constantly rising charging rates. Uncontrolled EV charging may result in
change in daily maximum load, overloading transformers and feeders, hastening
transformer ageing, and increasing power losses [5]- [6]. Furthermore, the constant
power consumption of the chargers' power electronics interface may negatively affect the

stability of the system, lead to disturbance voltage, and reduce power quality [7].

1.2 CHARGING STATION CONCEPTS AND CONVERTER TOPOLOGIES

The interface between the distribution network and a three-phase AC bus
operating at a line-to-line voltage of 250 V to 480 V in ac-connected systems is a step-
down transformer. Every charger at the station is supplied by the AC bus, and every charger has
a unique AC/DC stage. The number of conversion stages between the distribution network and
the DC port of the EV or RES (such as a PV system or battery) is much higher using this approach.
In an AC-connected system, the number of conversion stages makes system complex and
increases costs while degrading system efficacy. Benefits of adopting the AC bus include the
accessibility of AC switchgear and protective devices, the maturity and availability of rectifier
and inverter technology, and the existence of standards and guidelines for power distribution AC

systems. Standards for EV charging stations range between [8] and [9].

An Active front-end converter is utilized to generate a DC voltage for DC-
connected equipment, offering energy-efficient method. Active front-end consists of
transformer having lower frequency, an SST that performs isolation, voltage step-down,
and rectification in one unit, and an LV (300 V-500 V) rectifier stage. DC voltage around
1000 V to fit the modern battery voltage range, which is around 400 V. Instead of using
individual AC/DC converters, each charging unit is connected using a DC to DC
conversion stage. In comparison to AC systems, the system efficiency is increased with
fewer conversion stages. In addition to taking advantage of the load diversity brought on
by changing capacities of EV battery, this gives an opportunity to greatly reduce the cost
of system installation. It is made simpler to join the main grid and to become an island
because of the single inverter's connectivity to it. The ability of DC distribution systems
to utilize fractional power converters as a bridge connecting the DC bus and the
automobile [10]-[11] is another possible benefit. These partial power converters improve

conversion efficiency by merely processing the power supplied to the EV, thereby



lowering converter cost and rating. DC meters must be put in the DC-connected system
to track the energy stored in battery. For DC-connected systems, the development of a

standard and verified DC meter is required.
1.2.1 GRID-FACING AC/DC CONVERTERS

The grid and a regulated DC bus are connected via grid-facing AC/DC converters.
A critical working need for these converters is high power aspect on the ac and dc sides,

achieved through input current moulding and output voltage regulation [12], [13].
a). Bidirectional AC-DC Converters

The 3-phase active PWM converter with an LCL filter is the most popular grid-
facing AC/DC converter. The output voltage of this boost-type converter is greater in
magnitude than that of peak applied voltage. The PWM converter with 6 switches offers
bidirectional power flow, minimal harmonic input current generation, and variable power
factor (PF) adjustment. This architecture is commonly used in the most advanced DC fast
chargers due to its straightforward construction, tried-and-true control techniques, and the
accessibility of inexpensive IGBT devices with adequate current and voltage ratings [14].

TIT g@ KE KE

Figure 1.5 Three-phase PWM rectifier
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Figure 1.6 Neutral-point-clamped rectifier

b). Unidirectional AC/DC Converters

If just unidirectional power flow is necessary, a three-level solution called the T-
type Vienna rectifier can be used. It shares some of the same limitations as 3-level
converter, such as the desire for dc-link capacitor voltage stabilizing, but it also has all of
their advantages. The Vienna rectifier has several limitations, including restricted reactive
power regulation and unidirectional power flow. The range of reactive power that can be
generated is constrained by the restricted modulation vector and primarily depends on the

output voltage.

Figure 1.7 Vienna rectifier
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Figure 1.8 Buck-type rectifier

1.2.2 ISOLATED DC-DC CONVERTERS

After the AC-DC front-end, a DC-DC converter offers a connection to EV battery,
RES, or battery energy storage. The Electrical isolation between EV battery and Grid is
necessary to maintain the isolation because the EV's battery cannot be grounded. This
makes sure that the battery's protection is not harmed throughout the battery charging

procedure. A standalone DC/DC converter is capable of achieving this.

a). Unidirectional Isolated DC/DC Converters

When there is requirement of unidirectional power flow the phase-shift full-bridge
(PSFB) converter, is one feasible implementation. While the converter is being controlled
by phase-shift PWM, its operational switches run at ZVS turn-on[15]. This topology's
principal flaws include its high output diode losses, the significant ringing across the
output diodes brought on by the transformer L, LCL resonance, the capacitance of the
reverse biased diodes, and the turn-off losses in the operating switches. Snubber circuits,
either active [15] or passive [16], can be employed to reduce system efficiency while
preventing voltage overshoot and ringing. A current-fed PSFB converter is suggested in
[17, 18] by relocating the Lo to the primary winding of the TF and simply linking an
output capacitor to the diode bridge. Ringing and voltage overshoot are reduced using this
technique, however the range of ZVS is greatly load-dependent. In [19] and [20],
auxiliary circuits are suggested, and ZVS is maintained across a wide spectrum for

charging EV batteries using trailing edge PWM. Equivalent supplementary circuits are



utilized in [21] to attain ZVS for an EV charger transitioning from no to full load using a

PSFB converter.

The LLC resonant converter is another example of an isolated unidirectional
DC/DC converter commonly used for battery charging. The output voltage of the
converter can be altered by adjusting the switching frequency, which also affects the
impedance ratio of the resonant tank to the equivalent load. Turn-off losses and
transformer losses are minimized as a result of the LLC converter's usage of the
magnetizing current to generate ZVS [22]. A very high efficiency can be attained by the
LLC converter if the Vin/Vo is low [23]. The ZVS condition might not be stable across a
large working range, and its low capacity for light-load power regulation has a negative

impact on efficiency.

The resonant capacitor's requirement to tolerate high voltage stress at high power
levels presents a new difficulty for the LLC converter, further complicating the element
selection. To boost the power rating and lessen the burden on switching devices and
resonating elements, an LLC converter with paralleled modules [25], a multilayer LLC

converter [24], or a three-phase LLC converter [24] might be utilized.

E

Figure 1.9 PSFB converter
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Figure 1.10 LLC converter

b). Bidirectional Isolated DC-DC Converters

EV charging applications may make use of a dual active bridge (DAB) converter.
Bidirectional power flow may be needed due to large energy density, outstanding
efficacy, buck and boost ability, lesser device stress, tiny filtering devices, and low
susceptibility to component fluctuation [26]-[28].When the DAB converter was first
introduced in 1991 [29], it was not widely employed because of the significant power
dissipation and comparatively low switching frequency of the electrically powered
semiconductor devices. The DAB converter has recently started to receive attention
because to the abilities of the modern SiC and GaN-based power semiconductors and the
developments in the nanocrystalline and polycrystalline soft magnetic materials, resulting
substantial gains in converter effectiveness and power density [30]. The power transfer
medium in the DAB converter is transformer leakage inductance, and the power flow is
changed by adjusting the phase shift between the primary and secondary voltages. Due to
its straightforward construction and ZVS operation, the DAB converter has been widely

employed in isolated bidirectional DC/DC conversion applications [31, 32].



Figure 1.11 DAB converter
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Figure 1.12 CLLC converter

The converter must operate with a broad range of gain in voltage and power for
charging electric vehicle batteries because of the EV charging characteristics, where
reactive electrical power can rise quickly and the ZVS is no longer true [33]. This creates
a conundrum in leakage inductance modelling, where high leakage improves a large ZVS
spectrum but degrades reactive power and leads to reduced efficacy [34]. Different
modulation strategies have been developed to enhance performance over a broad working

range.
1.2.3 Non-isolated DC/DC converters

By leveraging the isolation provided by an alternative power conversion stage in
the charging battery system, such as the line-frequency transformer preceding the AC/DC
front-end, it becomes possible to employ a non-isolated DC/DC converter. This allows
for the provision of a circulating power supply to the vehicle battery. There are two
reasons why this discussion encompasses bidirectional, non-isolated DC/DC converters.

First, synchronous rectification makes bidirectional converters significantly more

10



efficient than unidirectional ones. Second, the control of non-isolated DC/DC converters
is not made more challenging by their bidirectional performance, comparison to isolated
DC/DC converters. Even though the discussions pertain to bidirectional converters, they

also apply to equivalent unidirectional variants.

From the perspective of the battery, a boost converter serves as a relatively
straightforward non-isolated architecture for interfacing with the battery, particularly
since the battery voltage is often lower than the final output voltage of the AC/DC front-
end. Although only one switch is required to carry current, the converter itself has a low

power rating. Furthermore, a big inductor is needed to minimize the current ripple.

I
=
T ]

Figure 1.13 Boost converter

By connecting two or more phase legs together, a multi-phase interleaved boost
converter can be used to enhance the current carrying ability and decrease the current
ripple that the battery experiences. In this case, a three-phase interleaved boost converter
is utilized, incorporating three distinct phase legs. Due to its uncomplicated construction,
outstanding functionality, and adaptability to high power, this configuration has been
thoroughly investigated in the published literature for electric vehicle (EV) charging
applications [35], [36], [37]- [40]. According to [41], a prototype EV charger includes
six phase legs that are interconnected in tandem to produce 30 kW. In [42], a 100 kW 3-
phase interleaved boost converter is developed using discontinuous conduction mode
(DCM). Nearly every switch are able to attain ZVS by permitting positive as well as
negative current during a single switching cycle as the inductors are small enough. An

optimized inductor design can lead to higher efficiency and smaller systems. By dividing

11



bus voltage into 2 parts and connecting them in series, the partial power notion is applied
in [43] to build an interleaved boost converter that operates in DCM. It is feasible to
employ switches with lower voltage ratings by connecting the converter to a portion of
the bus voltage, potentially lowering losses. This method's disadvantage is the additional

equipment and administration work required to balance the two DC bus voltages.

Figure 1.14 Unidirectional three-level boost converter

The boost converter [44] has a different topology from the 3-level boost converter
and its bidirectional counterpart [45], which offers reduced harmonic content. The current
distortion in the three-level boost converter, when the same inductor is used, is just one-
fourth of the amount in the boost converter, indicating that a lighter inductor can be used
to meet the current ripple standards. The 3-level boost converter can reduce the
effectiveness and the dimension of the magnetic components. However, the battery
system may suffer from the three-level boost converter's high levels of common mode
noise electromagnetic interference (EMI). Furthermore, it is challenging to parallelize the
three-level boost converters. When there exists a shift in phase related to phase leg of
three-level boost, higher magnitude currents that circulate without interphase reactors are
utilized in phase legs. Circulating electrical currents can be reduced in applications with
high power requirements where several concurrent phase legs are required by simply
switching each of the phases simultaneously [46], which avoids the inductor size from
being reduced owing to interleaving, or by utilizing an integrated inductor that does so
[47]. Due to its three levels, the 3-level boost converter is appropriate for connecting the

batteries of an electric car to a bipolar bus.

12



1.3 THESIS OBJECTIVES

This thesis aims to investigate and analyze the application of an active front-end
(AFE) converter feeding a dual active bridge (DAB) converter for electric vehicle (EV)
battery charging. The objective is to propose a novel and efficient power conversion
system that optimizes the charging process and addresses the specific requirements of EV
charging infrastructure. The research will begin with a comprehensive literature review
to understand existing EV battery charging systems, AFE converters, and DAB
converters. The limitations and challenges of current charging techniques will be
identified, and the potential advantages of the proposed system will be explored. A
mathematical model of the converter system will be developed, and its performance will
be analyzed, considering power factor correction, efficiency, voltage regulation, and
harmonic distortion. An advanced control strategy will be designed to ensure optimal
power transfer and efficient battery charging, considering techniques such as PWM. The
developed control strategy and system model will be implemented in simulation software
for performance evaluation, including parameters such as charging time, efficiency,
voltage/current ripple, and harmonic distortion. Experimental tests will be conducted on
a prototype to validate the simulation results and assess real-world performance. Finally,
the thesis will conclude with a summary of findings, recommendations for further
research, and an exploration of the implications of the proposed converter system for the

future of EV charging technology.
1.4 THESIS ORGANIZATIONS
The thesis is organized as follows:
Chapter-1: This chapter provides the reader with an introduction of Electric Vehicle
technology and background on converter topology and the importance of control

structure.

Chapter-2: This chapter is about literature review of AC/DC and DC/DC converter-based
Battery charging with integration of Grid.
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Chapter-3: This chapter discusses about circuit description of Active Front End rectifier
with the implementation of LCL filter and also discusses the closed loop control strategy
of the AC/DC converter with simulation results.

Chapter-4: In this chapter, the EV battery charging under variable load scheme using Dual
Active Converter is presented along with design specification and simulation results are

discussed.

Chapter-5: In this the conclusion and future scope of the proposed system has been

described.
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CHAPTER-2

LITERATURE REVIEW

Macro Liserre et al. [48] Proposed a step-by-step method for developing a front-end
three-phase active rectifier's LCL filter. The main objective is to achieve a high-
performance front-end rectifier while reducing the switching frequency ripple at an
affordable cost. The values obtained from an example LCL filter design have been used
to create and test a filter. The experimental findings show how well the design process
for the rectifier controller and LCL filter performed. A strong concordance between
simulation and experimental results is another factor that supports the proposed approach.

Pablo F.S. Costa et al. [49] described the dual active bridge (DAB) converter with
topological changes in the output. The generalized average model and the output current
linearization model are two methods used to mathematically model the converter. The
two methods are further contrasted, and the stronger model is used to construct the current

and voltage controls for the DAB. The experiment's findings are then presented.

For battery charging applications, Alex V. Mirtchev et al. [50] provided a thorough
design technique for a resonant dual active bridge (R-DAB) converter. The converter
design process is based on unique operating points (UOPs) that result from an
examination of two different control methods and is specifically adapted to the charging
profile of a Li-ion battery. In order to prevent the resonant tank parameters from being
overstated, a thorough flowchart is described that takes into account several design
characteristics and the UOPs. The control method and design process are validated by the
simulation results of a typical charger. Finally, a closed-loop control system is used to
develop and assess a 1kW|30A laboratory prototype charger. The significance of the dual
control approach is demonstrated by the analysis of the experimental findings, which also

validates the suggested design methodology.

As a module construction for a battery charge/discharge tester, Sung-Jun Park et al.
[51] presented a circuit architecture with a DAB converter and a non-isolated dec-dc
converter. Also illustrates four series-parallel converter topologies and compares them to

the scenario when a DAB converter is the only source of the output voltage. Examine the
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features of automatic voltage balancing resulting from the discrepancy between the initial
voltage and capacitance of the series-connected input capacitors. Additionally, perform a
simulation analysis of the proposed system's features and conduct experiments employing
super capacitors instead of batteries to confirm the technological viability and superiority

of the suggested battery charge/discharge tester.

Jakka Venkat et al. [52] investigate the design and workings of a three-phase active
rectifier-based PET. It is explained how a novel dg-vector-based control strategy for the
rectification stage can keep the input side's power factor at unity, deliver a constant DC
voltage at the rectifier output terminals under a variety of load conditions, and eliminate
the need for phase locked loops (PLL) to determine the phase angle. A straightforward
controller is used for DAB to generate the required DC-link voltage signal for the inverter
circuit. In addition to having a constant voltage and a unity power factor, the design
described can also allow for bidirectional power transmission. Results from simulations
performed with PSCAD and EMTDC are displayed to support the proposed topology and

controller.

Saran Chaurasiya et al. [53] describe a bidirectional off board rapid EV charging
system with voltage and current stress reduction for a wide voltage spectrum. It has an
integrated two-stage power conversion system. A complete circuit calculation of a DC-
DC stage with DPS control is presented in this context to check the location of a safe
working area with lower voltage stress. The discovered operating zones are subjected to
the particle-swarm optimization technique in order to choose the converter control
settings with the best current stress in conjunction with the lowest voltage stress. A 7.2
kW system is constructed and simulated in MATLAB/Simulink. A 3.3 kW laboratory
prototype is developed to test the established operating points with a diverse battery

voltage and spectrum and under different source and loading conditions.

Lingxiao Xue et al. [54] conducted an analysis and used sinusoidal charging on the
basis of a two-stage battery charging system with a Full Bridge (FB) AC-DC stage and a
Dual Active Bridge (DAB) DC-DC stage. More investigation reveals that converter loss
is responsible for the increased DC link capacitance and ripple power imbalances.
Therefore, it is identified how converter loss impacts the ripple power balance in order to

further reduce the DC link capacitance. Based on this research, a feedback control on the
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DC link voltage ripple is recommended. The effectiveness of the suggested techniques is

confirmed in both Si-based and GaN-based charging systems.

Implementing ZVS soft switching of dual active bridge isolated converters (DAB)
using a single phase shift control technique is the main emphasis of Xu Fei et al.'s work
[55]. First, a thorough theoretical study and mathematical simulation of the single phase
shift (SPS) are built. The process of ZVS switching into dead-time mode can then be
created in accordance with the SPS's operating principle. It can discover the prerequisites
for ZVS soft switching through a thorough examination. The simulation results show that
when the requirements are met, ZVS soft switching is feasible. The theoretical analysis is

then validated using a simple experiment bench.

Saran Chaurasiya et al. evaluate the performance of SPS (single phase shift) control
for a dual active bridge. [56]. On the DSP, the SPS control is applied with both internal
and external phase shifts. Furthermore, a high-power-density dual active bridge (DAB)
DC-DC converter design approach is discussed for EV charging. The development and
testing of a 6.6 kW prototype with SPS modulation and internal and external phase shift
control A loss model is also built for comparing the losses encountered in the two phase
changes. SPS modulation using both forms of phase shift is compared in simulations and

tests.

In a freestanding PV/battery dc power system, R. D. Bhagiya et al. [57] propose a
pulse width modulation-based two-loop PI control method to manage the load bus voltage
magnitude in the presence of a constant power load. Frequency domain measurements are
used to assess the stability of the inner loop and outer loop controllers. By applying a DC-
DC boost converter and the incremental conductance technique, the solar array's
instantaneous maximum power is extracted. MATLAB/Simulink software is used to
validate the effectiveness of the suggested technique under various load scenarios and

solar irradiation levels.

2.2 Conclusion

Several significant conclusions can be drawn from the literature review on grid-

connected active front-end rectifier fed dual active bridge converters for EV battery
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charging. First off, the efficacy and power quality of these converters show a noticeable
improvement. They guarantee effective and clean power transfer between the grid and the
EV battery with their high conversion efficiency, low total harmonic distortion, and power
factor correction. The dual active bridge converter's capacity to offer bidirectional power
flow is another crucial feature. With the help of this technology, energy can be transferred
from the grid to the EV battery during charging and back to the grid during V2G
operations. The flexibility and adaptability of EV charging systems are increased by this
bidirectional power flow, enabling vehicle owners to use grid services and efficiently

manage their energy.

Several obstacles still exist, though. To overcome system uncertainties, these
involve creating sophisticated control techniques, managing power flow while many EVs
are present, and tackling grid integration problems including synchronization and power
quality control. To further improve the performance of grid-connected active front-end
rectifier-fed dual active bridge converters, future research should concentrate on

overcoming these issues.
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CHAPTER-3
ACTIVE FRONT END RECTIFIER WITH LCL FILTER

3.1 Introduction

Pulse width-modulation (PWM) voltage-source converters (VSCs) are
consequently widely used as active front-end converters in low-voltage drives as a result
of emerging applications including regenerative energy sources, rising energy costs, and
tight international grid requirements. Other benefits of such a converter architecture
include the ability to ride through and alter the dc-link voltage as well as sinusoidal input

currents, an controllable PF at the PCC, and ride-through ability.

The simplest filter design between a PWM voltage source converter and the grid
is an inductance. For medium- and high-power converters (S>x kVA), a pure inductive
filter is not used due to the constrained maximum dc voltage and poor dynamic action of
a converter with common switching frequencies, as well as the high prices and large
inductance [58], [59].

The use of an LCL filter is a desirable approach to solving these issues. The LCL
filter's superior harmonic attenuation makes it possible to meet the harmonic limits
indicated in general by using lower switching frequencies. It is difficult to design the LCL
filter components to meet the specified maximum current harmonics. There is currently

no accurate design methodology based on the grid's harmonic current constraint.

Reference [60] provides a design process that uses the trial-and-error approach.
The design process is complicated, in particular, by the choice of initial values for the
converter current ripple and the filter capacitance absorbed reactive power. Additionally,
it does not address the design of the converter-side inductance for a certain converter
current ripple. In [61]— [62], basic analytical equations are provided for calculating the
upper limits of the filter inductance, filter capacitance, and converter current ripple.
According to reference [60], the filter inductance is designed using the maximum
converter current ripple, and the filter capacitance is selected using reactive power. [62]
presents the fundamental requirements for an LCL filter design based on the filter

attenuation factor for the grid current harmonic at switching frequency.
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3.2 Circuit Description

The PWM control approach can be used to make a rectifier flexible. When the
input power factor needs to be made perfect, the rectifier with this control is typically
used as an active front-end rectifier. The general-purpose three-phase PWM rectifier is
depicted in Fig. 3 and is made up of six power electronic switches, anti-parallel diodes
connected to each switch, inductors and capacitors connected to each phase of the AC
side to reduce input current ripple, and one capacitor on the DC side to reduce output
voltage ripple.

AC Lp L
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c11t e 7‘}@‘ 7‘]‘% .

Figure 3.15 Active Front End Rectifier with LCL Filter

Two major challenges that are related must be resolved in order to effectively regulate
the DC-bus voltage. The first one has to do with brief changes in the active power drawn
that cause transient fluctuations in the DC-bus voltage. The second problem has to do
with double-line frequency (2 ) ripples in the dc-bus voltage that are present in single-
phase ac systems by default [58]. Since these ripples may contribute a third harmonic
component, or h3, to the grid current during steady-state operation, they may have an

impact on the performance of the control system.

3.3 LCL Filter Design
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LCL filters are superior to LC filters because they require fewer rated inductors
and capacitors to minimize distortions from a voltage or current by the same amount.
Choosing the right inductance and capacitance values for LCL filters entails achieving
the correct filtering properties. LCL filters are specifically designed to reduce the
absorption of harmonic current by power converters when the input stage is a rectifier.
Frequency converters are used in UPS systems, motors, etc. For the most part, they are
made up of reactors and capacitors that are coupled in parallel-series to reduce the THD
of rectifiers.

When selecting LCL filters, the converter's absorbed current has to be taken into
consideration. In the case of converters with extremely low power ratings, a special LCL
filter can possibly be used to supply numerous converters, but only when they all begin
and end at the same time. If the system offers many converters that operate and stop
independently, harmonics will not be effectively filtered. Each converter in this case

needs to be equipped with its own LCL.
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Figure 3.2 LCL Filter
The methodical steps that follow can be used to create the LCL filter.

1) On the converter side, select the necessary current ripple.
Create the inner inductor L. Using the index o for the relationship between the two

inductances, the value of the outer inductor may then be calculated as a function of L.

L, =alL 3)
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2) Choose the reactive power absorbed at the specified parameters.
determine the value of the capacitor. Suppose that is expressed B as a % of the

reactive power absorbed under particular circumstances.

C=4C, (3.1)
C.=—t (3.2)
@2,

3) Design the outer inductor after deciding on the desired current ripple reduction.

The filter's damping and computed losses-neglecting ripple attenuation,

| () N 1 (3.4
I(h) |l+al-0p)| '
o =LCeps (3.5)

where o is a fixed value. The desired attenuation should be multiplied by a factor that

takes into account the losses and the damping before using (15) to compute. A different

attenuation level or alternative value for the absorbed reactive power should be chosen as

per step 2 if the total of the two inductances does not adhere to the criteria.

4) Verify the resonant frequency obtained

o, = = (3.6)
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which can be written, considering (7), (13), and (14), as

of (3.7)

Where X= (3.8)

1
o JCL,

x is a fixed value. Condition (c) imposes a restriction on the resonant frequency. If this is
incorrect, either the attenuation returned in step 3 or the absorbed reactive power returned

in step 2 should be modified.

5) Set the damping to the aforementioned condition (d). The filter's impedance is 0
at the resonant frequency. To prevent oscillation, the damper inserts an impedance
at this frequency. Since the series capacitor impedance at the resonant frequency
is of a similar order of magnitude, the damping value is set accordingly [63]. The
design process loops back to step 3 to increase the multiplication coefficient,
which takes into account the reduction in filtering action due to losses if the filter
attenuation is insufficient. If this is insufficient, step 2 of the design process should
be repeated, this time choosing a larger number for the reactive power.

6) Check the filter attenuation using different switching frequencies and different

load circumstances.
3.4 Closed loop control

To accomplish independent control of the active and reactive power components
in three-phase systems, the decoupled dq control technique is frequently utilized. This
control strategy enables precise management of the DC voltage while permitting the
needed active power transfer in the case of a three-phase active front-end rectifier with

DC voltage sensing.
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Figure 3.3 Decoupled DQ Control

The Clarke transformation is used to convert the three-phase AC input voltages
from the time domain to the stationary reference frame. The three-phase voltages are

transformed into a two-coordinate system made up of voltages along the d- and g-axes.

The Park transformation is then used to further transform the altered d-axis and g-
axis voltages from the Clarke transformation into a rotating reference frame. This
transformation generates two control signals, VVd and Vg, and lines up the d-axis with the

DC voltage reference.

Based on the planned operation, the control algorithm generates reference values
for the d-axis and g-axis control signals. By properly controlling the active power transfer,

the main goal is to maintain the DC voltage at the intended set point.

The d-axis control signal (\Vd) is in charge of controlling the DC voltage level in
the decoupled dq control system. The rectifier regulates the active power transfer to keep
the DC voltage at the appropriate set point by adjusting the d-axis control signal. On the
other hand, the reactive power component is controlled by the g-axis control signal (Vq),
which is also used to meet other system requirements like power factor correction and

harmonic abatement.
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PWM (pulse width modulation) signals are then created from the control signals
(Vdand Vq). These PWM signals control how the rectifier's power electronic components
(such as IGBTS) are switched on and off, producing the desired output voltage and current

waveforms.

To make sure the rectifier's performance satisfies the necessary goals, a feedback
loop is built. Any deviations from the required values are fed back to the control algorithm
by the rectifier, which continuously monitors the output voltage and current. In order to
maintain the stability and regulation of the DC voltage, the control algorithm modifies

the d-axis and g-axis control signals correspondingly.

The three-phase active front-end rectifier achieves precise DC voltage regulation
while independently managing the active and reactive power components by combining
decoupled dq control with DC voltage sensing. With the help of this control strategy, the
rectifier may adapt to different system needs and continue to run steadily in the direction

of the desired goals.

In conclusion, a three-phase active front-end rectifier may be controlled
effectively using the decoupled dqg control technique in conjunction with DC voltage
monitoring. The rectifier continuously modifies its operation to maintain a constant and
regulated DC voltage while independently managing the active and reactive power
components as necessary through PWM signal generation and feedback loops. This
control strategy ensures that the rectifier's performance is in line with the required goals

and permits exact power transfer.
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3.5 Simulation Results
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Figure 3.4 Three phase Input Current (Grid)
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Figure 3.5 Three phase Input Current (Grid)
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3.6 Conclusion

The design of the LCL filter and the closed-loop control of the active front-end
rectifier are presented in this chapter. The three-phase 440 V input voltage is what the
AC-DC converter is intended for, as illustrated in Figs. 3.4 and 3.5, which also depict the
three-phase current. Increased efficiency, lower voltage drops, and capacity optimization
are advantages of power factor improvement. As illustrated in Fig. 3.6, the power factor
must be kept close to unity for the AFE rectifier to operate effectively. Additionally, to
obtain a clear vision, the current must be multiplied by a gain of 4. According to IEEE
standards, the THD must be less than 5%. Since the THD value in Fig. 12 is about 2.08%,
the approved LCL filter parameters are precise. The DC-Link voltage should retain its
magnitude even after switching several loads in parallel because of the decoupled DQ
control. The DC-Link voltage is kept at 800 volts throughout the charging process, as
shown in Fig. 3.8.
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CHAPTER-4
DESIGN AND CONTROL OF DUAL ACTIVE BRIDGE
CONVERTER

4.1 Introduction

The use of bidirectional dc-dc converters has substantially expanded with the
quick development of distributed resource interfaces, electric vehicles, energy storage
systems, and uninterruptible power supply systems. because of characteristics like as its
high power density, gentle switching prowess, galvanic isolation, and lack of passive
components. Dual active bridge (DAB) converters are a more common type of
bidirectional buck/boost converter than other conventional models. The significant
harmonic production at integer multiples of the high-frequency switching DAB
converter's own significantly high fundamental switching frequency has an impact on the
power grid. To improve the output voltage and current quality, a DAB converter is
cascaded with an LC output filter.

Power density and system efficiency are two key requirements for a converter in
a DC charging station. Low-switching-frequency operation allows for smaller magnetics.
By increasing the bus voltage to enable rapid charging, more power may be transported
at the same current level. As a result, the converter uses less copper and has a higher
power density. In order to save money and reduce the thermal solution, the converter must
also be very efficient. This more efficient thermal design directly translates into a smaller
and more efficient heat sink, increasing the converter's power density. By increasing the
bus voltage to enable rapid charging, more power may be transported at the same current

level. As a result, the converter uses less copper and has a higher power density.

The lead-acid or lithium-ion batteries that are frequently used in EV charging
stations must be able to easily interface with the DC/DC converter. Additionally, the
DC/DC converter must be able to provide galvanic isolation between the high- and low-
voltage sides and the necessary voltage conversion between them. The dV/dt capability
of conventional switching devices, or more properly, the speed at which they can switch
high voltages, is limited. Due to the device spending more time in the switching transition,
the delayed ramping process increases switching loss. The longer changeover periods also

result in a greater requirement for dead time in the control system to prevent shoot-
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through and shorts. In more recent switching semiconductor technologies, such as SiC
and GaN devices with great electron mobility, the answer has been found. This reference
design demonstrates the potential advantages of TI's SiC gate driver technology in terms
of efficiency and power density by combining SiC MOSFETS with it.

The following four popular topologies were evaluated for analysis.

* Phase-shifted, full bridge

* LLC resonant converter

* Dual-active bridge in CLLC mode

» Single-phase, dual-active bridge

The dual-active bridge was selected for use in this reference design based on this study
because it is simple to operate in both directions, has a modular construction, is
competitively efficient, and has higher power density values than other competing
topologies. The primary emphasis of this reference design lies in addressing the
difficulties associated with developing a high-power, dual-active-bridge DC/DC

converter intended for an electric vehicle (EV) charging station.

4.2 Circuit Description

As shown in Fig. 4.1, the bidirectional DAB converter is constructed using two
active bridges coupled by a high-frequency transformer. Power flow between these two
bridges is analogous to power flow in a power system between its two voltage buses. Four
MOSFET switches, anti-parallel freewheeling diodes, and snubber capacitors make up

each active bridge.
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Figure 4.1 Bidirectional Dual Active Bridge Converter
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There are three possible methods for controlling the DAB converter: switching
frequency, duty ratios of switching devices, or phase shift between the two bridges. The
efficacy and simplicity of the phase-shift control method led to its adaptation in this study.
Each active bridge is operated at a predetermined duty cycle (50%) in order to generate
high-frequency square waves at the transformer terminals. The phase shift between these
two square waves can be changed, and the sign of the phase shift has an impact on the

power flow.
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Figure 4.2 Bidirectional Dual Active Bridge Converter with output inductance

The transformer leakage inductance and, if necessary, an additional inductor
connected in series are contained in the L1, which is the main part of power transfer [63].
The output inductor Lo and capacitor Co comprise the DAB converter's overall structure,
which is shown in Fig. 4.2. It has been observed that when the inductance value increases,
the ripple of the output current gets smaller. This is made clearer when the output
capacitor is also reduced, aiming for greater power density at the expense of volume. The
traditional DAB converter architecture has a sizable current ripple of roughly 40%
without an output inductor. Reduced current ripple values, which place less stress on
batteries in terms of internal temperature, are the main reason for extending their service
life.
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4.3 Design Consideration

When designing the power stage of a dual-active bridge, it is crucial to take into
account several factors and considerations. The most important considerations are the
design of the transformer, output capacitor, SIC MOSFETs used, transformer design,
suggested ZVS range of operation, planned phase shift, switching frequency, and leakage

inductor.

4.3.1 Leakage Inductor

d(1l-d
Li :ViVo% 4)
ij1=0.5(26-(1-m)7)1}, (4.1)
112 =0.5(2mg+(1-m)7)I (4.2)

Where, m is voltage transfer ratio

_ Vo

m =
NV j

(4.3)

4.3.2 Phase Shift

The shift in phase of converter is influenced by the leaking inductor. Equation (5)

yields the phase shift necessary for the necessary power transfer.

T 8XF gwXL|*Pg
p="—(1- |1 ) 4.4
2 NViVo (44)
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4.3.3 Output Capacitor

For a given value of phase shift, the leakage inductance grows, increasing the
quantity of capacitance required to maintain the voltage ripple at a predetermined

level in compliance with the system specification.

R—Yo (4.5)
Po
CO%_L (1_£)_V70 (4.6)

dt _XL| T R

In order to ensure that the ripple of the output voltage remains below 5%, the
output capacitor was carefully chosen.

4.3.4 Resonant Frequency

1

S S
27\|LICs

res
(4.7)

4.3.5 Zero Voltage Switching

When considering the principal H-bridge, Q1 and Q4 switch on and off
simultaneously. Here, the same Vds value is used to simultaneously charge or
discharge the Cs of Q1 and Q4. The input and output voltages, switch capacitances,

and leakage inductance are all components of the resonant process.
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Figure 4.3 ZVS Transient Process

The ZVS transitory process takes place when Q1 and Q4 are off but Q2 and Q3
are not yet on. Vi supplies power for the ZVS process once the input voltage source
releases current. However, as the current progressively reverses polarity, Vi is showing
signs of energy depletion. The input voltage source's power output or dissipation is

actually zero, but as will be shown later, it still affects the ZVS transition time.

The relationship between the capacitance voltage and inductor current is depicted
in (9) through (14), assuming that vc is the voltage across the output capacitance of Q1.

Vi=Vet)+Vealt) (4.8)
ve=Vlt) (4.9)
lilve) =icilve) ~igalVi-ve) (4.10)
11(vg) =icilve) +igalVi-ve) (4.11)
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mﬂd=&@&df (4.12)

_ d(Vvi-
icolve) =—C,(V i—Vc)(étVC) (4.13)

To acquire the energy consumed by the voltage source in the circuit, the charge

travelling through the inductor and DC source during the transient process is necessary,

and this charge is

v
Q, I(vc) = [(C1(vg)+C2(V j—ve))dve (4.14)
0

\'
Q),(ve) = [ C10ve)-ColV i~v)ive (4.15)
0

Consequently, the amount of energy wasted during the transient process in the

input and output voltage sources is

EdiSS(VC) - _Ql i(VC)Vi +Ql |(VC)V D (4.16)

The total initial energy stored in the inductor and H-bridge is
T R
Einit =, LI11°(0) +2E5(0) (4.17)

The remained energy in H-bridge and inductor at the end of ZVS is

1
E(vc)=2L|I|2(vc)+2Es(vc)=Einit—Ediss(vc) (4.18)
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Combining (17) and (19), one can determine the inductor current based on a

specific capacitor voltage, which is

2
1tvg)= J 10 (2E0-2E50-y i Qo) (419)
To obtain the relationship between vc and inductor current as the ZVS transition

time, we must simplify (9)—(14).

(Colvel+ColVi-velldve _ 4
1(vc)

(4.20)

The inductor current can also be written as a function of vc based on (20). The
transient process charges Q1's output capacitance. As a result, the transition time grows

from 0 to tZVS, while vc increases from 0 to Vi. Then,

t Vi _
tzvs = vasdtz jl (Cl(Vc)TCZ(Vl—Vc)) .
0 0 1(vc)

Ve (4.21)

The charge flowing through C1 and C2 is the same throughout the entire transient
phase. Therefore, as indicated in (23), the total charge flowing through the input voltage

source is 0, in accordance with (15)—(16).

Vi

[ Qj(vg)dve =0 (4.22)
0

Es(0) =Eg(Vj) (4.23)
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The least amount of inductor energy feasible is needed for the ZVS transient

approach, which is

1
S LIZ0)>2Q4(vilv (4.24)

4.3.6 Switching Frequency

The efficiency and power density of a power converter are significantly influenced
by the choice of switching frequency, which serves as a crucial design element. The
selection of switches for the power stage is primarily determined by the input and output
voltage levels. SiC MOSFETs are used in the power stage, which results in exceptionally
high switching frequencies. Smaller magnetics are made possible by operating at higher
switching frequencies, which improves the thermal situation and boosts the power density
of the converter. The permissible heat sink solution and transformer size must therefore
be traded off in order to determine the switching frequency for a given efficiency target.
Second, using a high switching frequency lowers efficiency if the MOSFET's output
capacitance (Ecoss) is particularly large, as it causes significant switching losses at low
loads. Implementing the control loop bandwidth is influenced by the selection of the
switching frequency as well. The switching frequency for this application was chosen to

be 100 kHz after considering all of these aspects.
4.3.7 Transformer Selection

A power supply system's size is significantly influenced by transformers and
inductors. The efficiency of the power module is impacted by increasing the switching
frequency above a certain threshold, although its size is decreased by increasing the
operating frequency. This is because the skin effect greatly increases with the frequency
at which current flows through the conductor's surface. Similar to the skin effect, the
proximity effect limits the passage of current to surfaces that are in close proximity to one
another. Conductor size and layer count must be optimized for closeness in high-
frequency systems. An increase in interleaving can be made with a planar transformer to lessen

the proximity effect. The degree of leakage produced by this interleaving can be adjusted to help

with power transmission and contribute to ZVS.
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Planar transformers were employed in this reference design because they have the

following benefits over conventional transformers:

* The power density in planar magnetics is extremely high. When compared to a
traditional transformer with the same power rating, they are more space-efficient and
compact.

* They have the capacity to increase interleaving to lower conductor losses in the AC
system.

* They have predictable turns and layer spacing, which results in predictable parasites. It
is possible to maintain very predictable and precise values for both the leakage inductance
and the intra-winding capacitances.

» With planar magnetics, the leakage inductance may be tightly controlled.

* The utilization of a compact transformer allows for the integration of an additional shim
inductor without the need for an independent component on the board. This section
focuses on the specific planar transformer employed in this application and provides
details regarding the associated loss figures. Leakage inductors by themselves are unable
to guarantee gentle switching at light loads. As was previously demonstrated, raising the
inductor value increases the RMS currents while expanding the soft switching range. In
general, a leaking inductor is employed to enable soft switching, but its effectiveness is
limited to loads that are approximately half or one-third of the rated load. To achieve soft
switching at lighter loads, the magnetizing inductance of the transformer is utilized. For
this optimization, the magnetizing inductance is typically set as a starting point at 10 times

the value of the leakage inductance.

4.3.8 SiC MOSFET Selection

The selection of SiC switches was based on the following factors:

* The SiC MOSFET switches more quickly than a conventional Si device, which
lowers switching losses.

* The SiC MOSFET for DAB applications has a substantially smaller reverse
recovery charge, which lowers voltage and current overshoot.

* Conduction losses throughout the device's lifetime will be greatly reduced by a
lower state resistance.

* The switches can block greater voltages without breaking down.
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4.3.9 Loss Analysis

The theoretical efficiency figures derived from the dual-active bridge are reviewed
in this section. To determine the losses in different components, the average and RMS
currents flowing through both the primary and secondary sides are estimated. The scope
of this design does not include information on how equations are actually derived. At a
phase shift of 90°, a dual-active bridge experiences its maximum power transmission. But
for power transfer, a significant phase shift necessitates a high leakage inductance. The
efficiency of the converter is impacted by increased RMS currents on the primary and
secondary sides caused by using a high inductor.

Table 4.1. Specification of DAB Converter

DC-Input Voltage 800V
Input Current 125A
Switching Frequency 100 kHZ
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Turns Ratio 1:0.625

Leakage Inductance 35 pH

Output Capacitance 250 pF
Power Rating 10 kW
Output Voltage 500 vV

Output Current 20A

4.4 Closed loop control of DAB Converter

A rechargeable battery is continually charged at a constant current using constant
current charging to prevent overcurrent charge issues. This constant-current technique
can be used to charge both lithium-ion and lead-acid batteries. This closed-loop control
implements the logic for the phase shift offered to the secondary side switches of the DAB
converter. The reference-rated current and battery current are compared, and the
difference in error is sent to the PI controller. Gains in Pl can be managed in a variety of

ways. The Ziegler and Nicholas method, which is often employed for P1 tuning, is one of

them.
Q5
PI Phase-Shift G
|ref_bat Controller " Logic PWM :t Q7
Q8
Ibat
Figure 4.6 Block Diagram of Control Strategy
Table 4. 2.P1 Controller Values
PARAMETERS VALUES
Kp 0.005
ki 2.3

The output of the PI controller, as shown in Fig. 7, is transmitted through a PWM
block and a phase-shift logic block to produce a phase shift between the transformer

voltages on both sides of the converter.
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4.5 Simulation Results
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Figure 4.7 Switching sequence for Primary and Secondary Side Switches
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4.6 Conclusion

Incorporating an LC filter at its output, the DAB converter's construction and
control are discussed in this chapter for use in battery charging applications. Battery
charging with a variable load is intended for the current control technique. The switching
pattern for primary and secondary side bridge switches is depicted in Fig. 4.5. Figures 4.6
and 4.7 demonstrate the phase shift between voltages and the current through the leaking
inductor, respectively, for the power transmission. In Figs. 4.8 and 4.9, the ZVS obtained
for the primary and secondary side switches under various loading conditions is depicted.
Therefore, ZVS can be accomplished by selecting the appropriate leakage inductance and
snubber capacitance linked in parallel to MOSFETSs. The battery charging process is
shown in Fig. 4.10, along with the impact of load changes on SOC, battery voltage, and

battery current.

Up to time t = 0.4 s, there is no load connected in parallel with the battery. The
battery's SOC is rapidly increasing as a result. At time t = 0.4, a load is switched in parallel
with the battery. Even though at this time the growth in SOC rate somehow slows down
and the current passing through the battery also decreases, the controller is designed in
such a way that it tries to maintain the rated value of battery voltage. An equal amount of
time is spent between each of the three extra loads that are connected in parallel. At time

t=1.02, when all loads are connected, SOC almost goes flat and scarcely increases.

The closed-loop results indicate that the existing controller performs
satisfactorily. Additionally, it has been confirmed that adding an LC filter at the output
preserves the proper output voltage and lessens battery current ripple. The charging
procedure is then carried out under four parallel load variations. The total findings
demonstrate the battery bank’s good voltage and current response to changing loads.
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CHAPTER-5
CONCLUSION AND FUTURE SCOPE

This endeavor focuses on the development of electric vehicle (EV) charger
controllers, with particular emphasis on the two crucial conversion stages: AC-DC (first)
and DC-DC (second). These converters play a vital role in the EV charger as they enable
the charging and discharging of the battery pack while also addressing reactive power
compensation. Both converters are intended to work in both directions for this reason.
MOSFET switches with an anti-parallel diode are used to create the converters. The EV
charger can both charge the battery pack and transmit battery power to the grid or a local
load.

An EV charger controller handles the management of active/reactive power, grid-
side current, DC link voltage, and battery current within the charging system. The
proposed system regulates three quantities: active/reactive power, grid side current, and
AC-DC converter control. The remaining two values, The DC-DC converter assumes
control over the DC link voltage and battery current. In this situation, three references are

furnished, while the remaining two references are generated by the converter itself.

The control of an AC-DC converter is done using decoupled dqg control with DC
voltage sensing. This control keeps the Grid voltage and Grid current in same phase along

with that it also maintains the output voltage.

The control of DC-DC converter is done using Constant current control technique
under variable load condition. The controller generates the desired phase shift between
the primary and secondary bridge according to load variation. The ripple from output

current is reduce using inductor as a filter at the output.

The future scope for grid-tied active front-end rectifier-fed dual-active-bridge
converter in EV battery charging is highly promising. With its bidirectional power flow
capability, efficient power transfer, advanced control features, scalability, and the
ongoing advancements in power semiconductor devices. For further improvement,
renewable energy sources such as solar and wind power with advanced energy

management systems can be utilized to ensure charging of EV batteries during source
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availability. It offers a robust and versatile solution for fast, reliable, and environmentally
friendly EV charging infrastructure, contributing to the transition towards a greener and

more energy-efficient future.
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