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Abstract

With the recent rise of EVs, demand for better, reliable performing chargers with
more efficiency is increasing. Role of converters is crucial in Electric Vehicle charg-
ers to efficiently convert power, improve power quality, and safely operate the battery

- e charging. In this thesis, a modelling, analysis, control and comparison of some power
factor correction coverters (PEC) and two isolated de-de converters that can be used
for EV chargers are carried out.

L] o - Q For the first rectification stage in front end, three different PFC converters;Boost
PEC, Interleaved Boost PFC and Flyback PFC, are modeled and simulated in MAT-
LAB/Simulink. Power Factor improvement, THD, output voltage ripple, regulation
and conversion efficiency are observed for each topology and a comparative study be-
tween these three converters is carried out. From the studies that the Interleaved Boost
PFC offers an advantage for reducing source current ripple & improves sharing of the
current in switches, with less harmonics. Flyback PFC converter is used with galvani-
cally isolated stage for low to medium power chargers.

For the second stage, FBC and PSFB topologies are studied. Performance evalu-
ation, like voltage regulation, switching features, and power capacity were compared
along with power transfer capability and efficiency. The FBC offers efficient power
transfer with isolated stages, and is effective for mid to high level power chargers.
PSFB provides improved efficiency and reduces the switching stresses using soft-switching.

Finally, comparison is done between all mentioned topologies in order to select ap-

- e propriate converter configuration.Keywords: Electric Vehicle Charging, Power Factor
Correction, Boost PFC, Interleaved Boost PFC, Flyback PFC, Full Bridge converter,

PSFB , Power Quality, MATLAB/Simulink.
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CHAPTER 1

INTRODUCTION

1.1 Overview

This work deals with investigating various converters and their control techniques
to achieve better power quality, lesser harmonic distortions in the suitable range to
meet the need of the modern EV charging. The accelerated growth of EV applications
has greatly accelerated the development of state-of-art power electronic conversion
systems. Increasing consciousness towards the environment, depletion of fossil fuels

- @ and stringent rules and regulations have provided a passage from conventional internal

combustion engine vehicles to EVs. EVs are more efficient, environment friendly,
economical to run, utilize the power efficiently and are considered as one of the most
viable options for future energy generation.[1] [2]

Many power conversion stages are required for modern electric vehicle applica-
tion i.e., Battery charging, auxiliary power supply, energy management. Many power
conversion stages are involved in modern electric vehicles such as: rectification stage,
PFC, dc-dc & load regulation. All these stages greatly influence the charging efficiency
and reliability of electric vehicles, and ultimately the charging performance [3].

In conventional rectifier stage, diode bridge rectifier is used along with a large filter
capacitor to build simple and low-cost circuit. Such circuits have input current that
appears as a highly distorted form of current. The current from the grid appears as a
pulse having narrow and high magnitude at the peak value of the voltage. Such circuits
have very poor power factor and suffer from high harmonics[4].

The generation of harmonics by nonlinear devices affects power system in vari-
ous manners: Overheating of transformers and cables, Generation of noise at power
frequency, voltage distortion and decreased reliability of electrical devices used in as-
sociated circuit. The low power factor demand for a large value of apparent power from
the grid, therefore decreasing overall system efficiency. So for all these issues there is
a need to comply with standard limits such as IEC 61000-3-2 [2, 5].

There are numerous PFC techniques available. The boost converter topology is pre-
ferred and frequently used because of its simplicity in structure, higher efficiency and
better control over input current waveform. For control of conventional boost PFC cir-
cuits, PI controller is extensively used, due to its simplicity. However, the PI controller
cannot accurately compensate for the harmonics under dynamic conditions. Advanced
control techniques are often implemented for enhanced performance like Proportional
Resonant (PR) control, Lyapunov-based nonlinear control.
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Higher power applications of boost PFC converter necessitates an interleaved topol-
ogy, because of reduced current ripple, more even thermal distribution of losses and
increased efficiency. An interleaved boost PFC converter utilizes multiple converter
phase units displaced in time, reducing current ripple at the input.[6, 7]

Isolated second stage are used for chargers in addition to PFC stage for isolation
purpose and to provide regulated output. The FBC is best for mid to high power isola-
tion purpose as it is appropriate for higher power application and efficient utilization of
transformer. PSFBJ[8] is an advanced topology and gives advantage of soft switching
and high frequency applications.Flyback PFC with Single stage is a viable alternative
for small applications with low power. It operates in DCM with naturally sinusoidal
shape.[9][3] [4].

In this thesis various converters and their control techniques appropriate for EV
charging applications are studied and compared against one another. The performances
comparison involves the implementation and comparison of the PI based, PR based and
Lyapunov based controlled Boost PFC & Interleaved Boost PFC, single stage Flyback
PF, isolated dc-dc converters like FBC and PSFB, compared based on power factor,
THD, efficiency, voltage regulation.

1.2 Need for EV Charging Converters

The recent rapid penetration of electric vehicle (EV) markets leads to the high de-
mands for efficient and economical EV charging systems. Unlike ordinary electric
loads, EV charging systems are characterized by various input voltages, high power
operation and strict requirements of power quality, and the control stages must accom-
modate different input voltages and high power levels. Due to it acting as the link
between the electrical grid and the EV battery, performance characteristics such as ef-
ficiency and system reliability are vital for the system.[10]

An efficient ac-de converter is an indispensable part of any EV charging system as

it provides a constant voltage to charge a battery while source provides AC. Given the

need for a voltage regulation mechanism, a galvanic isolation scheme, a battery man-

agement system, and an auxiliary power supply capability, a multi-stage conversion
system is needed.

The traditional EV charger based on uncontrolled diode rectifier results in insuffi-
cient efficiency and a high degree of current harmonic distortion, which arises from the
fact that due to its non-linear behavior, diode rectifiers exhibit high input current dis-
tortion, which in turn has an adverse impact on power quality in the grid. Since a huge
no. of EVs needs to be charged from grid, severe harmonic pollution due to charging
system operation accumulates rapidly, causing strain on electrical distribution systems
and degradation of integrated electrical devices.

A highly efficient power conversion capability is also a necessary criterion for EV
charging system design, as EVs are typically driven for long periods and require large
amounts of energy. A high efficiency power converter is therefore most suitable for ef-
ficient energy delivery and switching loss reduction. High switching frequency offers
an efficient method for improving power converter efficiency. It allows for high switch-
ing frequencies, while meeting specified energy delivery and output voltage within a
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certain timeframe.

The galvanic isolation is very important for safety. The dc-dc isolated converters
provide this. FBC & PSFB designs are often chosen for medium to high power ap-
plications for their relatively high efficiency and appropriate transformer performance.
Simple and economical topologies like the flyback converter can be considered for
lower power systems[9].

Another important criterion to meet for modern EV charging system is power qual-
ity. International standards for electric vehicle charging, such as IEC 61000-3-2, define
limitations on harmonics into the grid. An EV charging system should have high power
factor and low THD.

Advanced control strategies such as PI, PR, and non-linear controller based on Lya-
punov method must be employed to achieve good voltage regulation and fast dynamic
response under grid voltage and load variations. It is apparent that power electronic
converters with high efficiency play an increasing role in modern EV charging systems,
the demands for which continue to grow for faster, more efficient, compact, and safe
charging systems. Therefore, comprehensive analysis and effective control of these
converters are of paramount importance.

1.3 Issues in Power Quality

Growth in the no, of power electronic converters employed in electric vehicle charg-
ing stations leads to degradation of power quality. The converters used in most of
these chargers consist of high frequency switching converters and nonlinear rectifica-
tion stages, which tend to consume non sinusoidal currents from grid. The resulting
distortion leads to harmonic pollution, coupled with low power factor and poor effi-
ciency of the entire system.

Typically, a rectifier is formed by a dbr with a huge de link capacitor, The capacitor
can only be charged when the instantaneous voltage provided by grid exceeds the volt-
age level in dc link capacitor. This causes short pulses being generated as input current,
with each pulse being emitted when the AC source voltage reaches its peak. The input
current can therefore be described as highly distorted and non sinusoidal[6, 7].

A multitude of problems can result from harmonic currents being generated. The
increased harmonic content causes a higher rate of power loss, both in transmission
lines and transformers, and in electrical machines; the additional heating due to these
harmonics. The voltage waveform across the distribution network becomes distorted
as a result of these harmonics and the effects may be undesirable for certain sensitive
devices powered by the same bus. Excessive harmonic components in the current lead
to increases in interference, and also a decline in overall lifespan and reliability of
electronic components.

Poor power factor is another significant problem encountered in these types of sys-
tems. While the real power can be said to remain the same, it has to be understood
that the harmonics will increase the apparent power being supplied by the mains. This
consequently means that larger quantities of power are consumed from mains and this
leads to wastage of resources.

The THD of input current is most widely used means of assessing the quality of
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power. A high THD is synonymous with low quality and poor performance of the
converter. This kind of THD leads to instability of the grid, malfunctioning of other
components coupled to the same bus and thermal overload of certain electrical devices.
Such negative consequences indicate that high quality is of utmost importance, and
have lead to the implementation of very strict regulations for harmonics, both in modern
power systems and in power electronics.[2, 5]

1.4 PFC Techniques

PFC is a key function needed these days in power electronic system. The key reason
for use of PFC is to make the source current closely matches with the input voltage
waveform, hence the converter can achieve better power factor & very low THD [11].
PFC methods have been broadly classified into two main categories; namely,

1.4.1 Passive PFC

In this, inductor, capacitor and L/C filter elements are utilized to decrease the harmon-
ics. The main benefits are the simplicity of control and low component cost, however,
there are some shortcomings; they are bulky and heavy, dynamic response is bad, har-
monics compensation is not efficient and their efficiencies are poor at large power lev-
els. Usually the Power factor of these types of PFC is around 0.7 to 0.8, so it is not
suitable for the high performance and modern EV chargers[9].

1.4.2 Active PFC

This uses a switching converter and some closed loop controllers to make source cur-
rent follow the source voltage. They provides low THD & high efficiency . They are
compact, lightweight, and fast responding. Because of these advantageous features,
Active PFC methods are more favorable in application for EV chargers and industrial
power supplies.

Several types of active PFC converters are discussed below.[3, 9].The performance
of PFC converter is greatly depends on the chosen topology as well as control meth-
ods. While PI controllers are commonly utilized and simple, their use in PFC will lead
to static state error and low harmonic reduction capacity. Control methods like PR
controller and Lyapunov-based non-linear control approaches significantly improves
current tracking ability and reduce the THD of a PFC converter. Hence research for
novel control strategies of Active PFC converter for modern EV charger becomes
important[3].

1.4.3 Types of converters used for PFC

Several topologies have been explored for single-phase PFC front ends:

1. Boost Converter (Most Common):

(a) Simple structure, high efficiency, near-unity power factor.
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(b) Operates only in step-up mode hence limiting its use in low input voltage
conditions.

(c) Widely used in commercial EV chargers [6, 7]
2. Buck—Boost Converter:

(a) Has increasing or decreasing capability.
(b) Useful for wide-range input voltages: 90V-265V AC.
(c) Primary disadvantage: higher component stresses and lower efficiency com-
pared to Boost
3. SEPIC Converter:

(a) Allows both to increase and decrease voltage with non-inversion.

(b) More flexible but requires more components.

(c) Suitable for universal input EV chargers.

4. Cuk Converter:

(a) Provides increase or decrease in voltage capability with low current ripple
at input.

(b) More complicated, less effective since there is a multitude of elements for
energy storage.

5. Bridgeless Topologies:

(a) Input diode bridge elimination, reducing conduction losses.
(b) Improved efficiency, especially at higher power levels.

(c) Complex control and EMI challenges.

Several other converters and variations are also used depending on advances in
semiconductor devices and system requirements.

1.4.4 Control Strategies used in PFC converters

Control plays an essential role in shaping the input current and maintaining constant dc
bus voltage. Some commonly adopted strategies include -ACMC, [12] PCMC, [12] &
Hysteresis control.

1.5 Isolated DC-DC converters

Needed mainly due to two reasons, isolation for safety & minimize noise and EMI.For
low power applications (below 500 W) Flyback converter is the best choice due to its
minimum number of components and less cost. For medium - high power applications
(above 500 W) FBC is used.[13, 14]
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Other isolated converters like PSFB converters, Resonant converters, are imple-
mented to obtain high efficiency & large frequency purposes. These can implement
the ZVS and ZCS(Resonant).[15, 16]

Control techniques are used to get a stable, undistorted o/p voltage. The techniques
used are, PI or PID controllers (Linear control) & others like Lyapunov[9].

1.6 Objectives of the Thesis

In accordance with these above objectives the present thesis will endeavour to address
each of them as below:

1. To model and analyze performance characteristics of different power converter
topologies used in EV applications.

2. To design and implement a basic Boost PFC converter to optimize power factor
at input, reducing input harmonics.

3. To implement and analyze performances of different controllers i.e PI, PR and
Lyapunov based techniques used for Boost PFC.

4. To analyze and develop a multi-phase or interleaved Boost PFC converter for
reducing the ripple, increasing overall power density.

5. To model & analyze a Flyback PFC converter operated in D.C.M mode.
6. To design and analyze isolated dc-dc converter topologies, (FBC and PSFB).

7. To implement effective closed loop control strategies for precise output control
& improving transient performance.

8. To compare efficiency, power factor, THD, voltage regulation and transient per-
formance of all the developed power converter topologies.

9. To analyze all the developed power converter topologies in MATLAB/ Simulink.

1.7 Scope

The scope of work is to do modeling, analysis & control of power converters for EV
charging.This thesis covers the below mentioned topics;

1. Boost PFC with PI, PR & Lyapunov control.

2. Interleaved Boost PFC with PI and PR control.

3. Single stage Fly back PFC converter in DCM operation.
4. Full Bridge and PSFB converter.

The performance is measured on the basis of power factor, THD, & voltage regu-
lation, dynamics etc. All the graphs are the results of simulations. No hardware was
available for experimental verification.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Recently, EV chargers utilize converters in one form or another. In the present day with
ever increasing numbers of EV, many different forms of power electronic converters are
being researched for high efficiency and for potentially achieving better power quality
and reduced total harmonic distortion. Different number of power conversion stages
are implemented in an EV charging system namely, ac to dc, pfc, Isolated dc - dc power
stages. In order to achieve this we have to use good control strategies.

Numerous research has been done in various control schemes such as proportional-
integral (PI) controller, which is commonly implemented as it’s the easiest, or other
advanced controllers like proportional-resonant (PR) controller and Lyapunov control
are being explored in recent times.

2.2 Boost PFC Converter

It has growing interest among researchers and is discussed extensively in the liter-
ature because it is simple, low THD, high efficiency. It is able to give a higher output
than rectified input, and offers good power factor correction capability.[7] [6] [17]

Several modes of operations have been studied on boost PFC converter, namely
CCM, CRM and DCM. The current ripple and peak current is lower in CCM than in
DCM, but it has complicated control. The DCM control is simpler and natural shaping
of current, but at higher power levels, it has a greater stress and conduction loss than
the CCM.[7] [6] [17]

Numerous control strategies are applicable for boost PFC. PI controller is com-
monly used due to its simplicity in control. However, the PI control cannot perfectly
compensate the harmonics under transients. Advanced control schemes like propor-
tional resonant (PR) control and nonlinear Lyapunov based control were later devel-
oped to eliminate this limitation.

The PR control is found to obtain a well sinusoidal current and low steady state
error. This control gives better power factor as it achieves low THD and also exhibits
satisfactory dynamic performance. Lyapunov based nonlinear control aims to improve
the system stability during parameter and load disturbances.[7] [6] [17]

Though the boost PFC converter has several merits, it has some demerits also. It
has only boost mode of operation. Fast switching leads to more losses & EMI which
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might require specialized control design and circuit optimization.[ 18]

In general, the boost PFC converter remains to be a highly efficient converter with
a simple control scheme to make its way through as a preferred choice in EV charging
and advanced power electronics applications.[7] [6] [17]

2.3 Interleaved Boost PFC Converter

Due to growing demand of high power EV charging systems, limitations of single phase
Boost PFC converter such as high input current ripple, heavy thermal stress, large con-
duction loss and so on, become more evident. Therefore multi- phase interleaved Boost
PFC is investigated for mid to high rating applications.

Formed with interconnecting multiple conventional Boost converter leg with their
respective inductors and switches in parallel. Input switch of each leg is turned on
and off in out-of-phase, the phase difference between any two legs switching signal
is controlled through varying different delay angle. Interleaving different legs switch-
ing signal phase can result in partial cancelation of ripple component and significant
reduction of total input current ripple. As the effect of current ripple cancelation, a
interleaved converter system has lower input current ripple and consequently less EMI
emission compared with the conventional single phase converter.[19] [20] [21]

There are also numerous papers have reported interleaved Boost PFC converter has
better efficiency and thermal distribution than conventional single phase Boost con-
verter. Due to the shared load current distribution among the number of parallel Boost
converter legs (i.e. Switches, inductor and diodes) the components’ current stress will
be smaller so that the reliability of the converter is enhanced so as to achieve higher
power rating.

As the researchers found, by effectively reducing input current ripple, the inter-
leaved converter require smaller input filter. Small input current ripple means smaller
pass components will be applied so as to reduce the size and improve power density.

Depending on desired power value and stage numbers, different interleaving meth-
ods can be used. 2 phase interleaved boost converter can significantly reduce ripple
in current & controller can be easily designed, this topology has been applied widely
in EV charging application. If further ripple cancellation is desired then high stage
interleaving can be used but complexity is increased.[19] [20] [21]

Various control strategies have been developed by [22] for interleaved boost PFC
converter, the standard PI controller was mainly used method due to its simplicity, but it
can not compensate well for dynamics harmonic components under transient condition.

Thus PR (proportional resonant) controller was proposed for interleaved converter.
PR controller can make AC signal tracking have very small tracking error with unity
power factor, it have been demonstrated that THD and power factor is significantly
improved in interleaved converter with PR controller thanPI controller.

Besides many advantages of interleaved Boost converter, there still exist few dis-
advantages such as complex driving circuits, need balance the current of each leg, and
synchronization of switching signals between stages are required, thus effective con-
troller must be used to maintain steady converter system operation.[19] [20] [21]
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2.4 Flyback PFC Converter

In case of small power range uses, this topology can be useful, because of combining
power factor correction and isolation in a single stage. Since a Flyback topology is
the simple, with low component count, small size it is a candidate to be used for EV
auxiliary charger and low power battery charging application.

This works in DCM was reported by Choi et al. In [13]. The paper show simplified
control structure with input current shaping improvement. Since at DCM operation,
magnetizing current is start from zero and return to zero it allows shaping the input cur-
rent without complicate control scheme [13, 14]. Wang et al. In [14] analyzed control
scheme and mode of operation for isolated PFC and claimed better voltage regulation
by the controller design. According to the authors Flyback converter is the preferred for
compact charging application which demands for isolation and low component number.
At [23] Flyback based EV charging application is demonstrated to have smaller size
and simpler configuration in the context of one stage with both PFC & isolation. This
topology has been found as a alternative for small range charger & auxiliary supply.

For PFC purpose Flyback converters often work at DCM, when magnetizing cur-
rent starts from zero during each cycle and is return to zero. By using this working
operation we can shape the input current, and achieve power factor correction without
using complicated current feedback loop [13, 14].

The disadvantage of the Flyback PFC converter topologies in compared to other
is that, the higher current stress, the relatively higher switching loss of the switch, the
higher output voltage ripple and also more critical design for the transformer due to
storage of energy and galvanic isolation for all type of Flyback converter topologies
[13, 14]. Various control schemes, for examplePI control, dual loop voltage-current
control have been proposed to improve the regulation of the Flyback PFC converter
[24]. It is concluded that for low power application like in EV charger the Flyback
PFC converter shows a simple and low cost solution due to its simple configuration,
however the high current stress limitations prevent its use in high power application.

25 FBC

FBC most common at mid and high power purposes as it has efficiency of transformer
utilization, higher power transfer and galvanic isolation. It is used as a power condi-
tioning stage in EV charging systems after the PFC to regulate low voltage DC output
for battery charging [25, 4, 3].

Various researches have proved that FBC can be efficiently used in high power
applications. Jain and Joos [25] claims that FBC could achieve better power transfer
and less device stresses when compared with low power isolated converters. The circuit
design could work effectively at applications with requests for high power transfer and
high efficiency usage of transformer.

In the original researches of Mohan et al [3] and Hart [4], FBC can be seen as
a bridge composed of four switches which are all controllable. The input given is
then rectified and filtered into a required low voltage DC output. Since the power is
transferred in both half-periods of the AC signal, this means that it will result in higher
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efficiency usage of magnetic component and higher power density.

Within the scope of EV charging applications, studies indicate that FBC has a favor-
able operating condition to use as an isolated battery charger [1]. Such results indicate
that the circuit is able to manage its output voltage properly and provide electrical iso-
lation. Therefore, it is widely applied as a medium and high power converter.

PI controllers have traditionally been employed due to its simplicity and good volt-
age regulation feature; however some modern controls, like soft-switching & smart
modulation, were proposed and developed to reduce switching losses and device stresses
so that converter efficiency can be increased [25, 4, 1].

Four switches are used in FBC converter. As the control circuit for four switches
becomes complex, and synchronization is essential to prevent shoot-through condition.
Designing a suitable high frequency transformer also plays a vital role in power density
and performance.

2.6 PSFB

PSFB is a common converter topology used in large rated purposes as it has capabil-
ities like better efficiency & low loss switching. It is found to be very attractive for
EV charger, telecom power, server power and industrial power applications that are
associated with the requirement of high efficiency and power density [26, 15].

Several researches were found investigating the application of PSFB converters in
high power chargers. According to one recent work, PSFB converter achieves signif-
icantly improved performance over the conventional hard-switched Full Bridge con-
verters through utilizing phase shift control strategy [26]. Instead of changing duty
ratio, the PSFB uses the phase difference in gate drive signals for the bridge legs while
keeping switching frequency constant. Thus, it achieves appropriate voltage regulation
and also makes soft switching possible.

One of the most prominent features of PSEB converter is its ability of achieving
zero voltage switching (ZVS). As demonstrated in literature, ZVS is crucial for greatly
reducing switching losses as power switches[15, 16]. This reduces stress on the power
devices, increases converter efficiency and reduces EMI. These properties make it more
suitable for EV chargers that requires high efficiency and effective thermal manage-
ment.

There have been several comparison studies showing that PSFB converter shows
better performance than conventional Full Bridge converter under medium and high
power range application. This improvement is achieved because the PSFB converter
offers lower switching losses and better thermal characteristics [27, 26]. A high fre-
quency transformer provides the necessary isolation & used for provide voltage gain
through adequate turns ratio. Moreover, higher frequency reduces the magnetic com-
ponent size to yield high power density.

Various control schemes have been researched and proposed ofr better operating
PSFB converters. PI controller based closed loop control remains popular due to its
simple implementation and good steady state characteristics. Additionally, soft-start
schemes are frequently implemented to limit the in-rush transient dynamics[16].

PSFB converter offers several advantages, there are also certain design challenges
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to be considered. The optimal ZVS can be heavily affected by parameters such as
leakage inductance, load current, switching dead time and transformer design. When
operated in minimum loads, efficiency may decrease significantly [15, 16]. Therefore,
proper design for magnetic components and switches needed.

With literature reviewed, it can be concluded that the PSFB converter is an effi-
cient choice for high power application such as EV charging system that can greatly
provide high efficiency and minimize switching stress through achieving soft switching
operation.

2.7 Control Techniques Used in Power Converters

In the operation of EV charging converter, the control technique mainly determined
the performance and the power quality of the converters as well as stability. In general,
the control has assure the output to be constant, provide stable operation while under
load variations, and decrease the harmonic on source in order to achieve better input
power quality. Based on these considerations, researchers have been focused on several
different control techniques for improved transient response

PI controller is one of the most commonly utilized technique that is easy to imple-
ment and provides good steady state performance. The researchers had adopted this
technique for Boost PFC, Flyback PFC, FBC & PSFB in order maintain output voltage
and provide stability [17, 18]. Integral of PI controller is responsible in eliminating the
steady state errors while proportional term helps to get faster dynamic responses.

However, PI controller was found to be poor in AC current control applications
since they have a finite gain at fundamental frequency, can never perfectly track sinu-
soidal references and are incapable of efficient harmonic rejection [3]. The efficiency
degrades under the changing input condition or nonlinear load.

To resolve this drawback, the proportional-resonant (PR) controller was proposed.
The infinite gain achieved at resonance frequency which would enable very accurate
tracking of the reference sine current with negligible steady-state error [17]. Exper-
iments also showed that the PR-controlled PFC converter had better power factor &
lower THD compared with PI-controlled converters. PR control is hence often uti-
lized for boost PFC and interleaved boost PFC converters under sinusoidal AC current
control conditions.

Advanced control methods such as Lyapunov-based controller has recently ob-
tained significant interest for modern power electronic converters. This type of control
offers robustness and stability properties of the converter system. Based on nonlinear
control theory, it can guarantee the stability by fulfilling the Lyapunov stability criteria
[28]. This controller was shown to have fast dynamic, small overshoot, and improved
robustness against input voltage variations, load variations, and parameter variations.

Apart from the aforementioned controllers, SMC, MPC, and hysteresis control fall
under advanced control techniques. Although these methods can perform better than
classical linear controllers with good robustness, they are very complex and computa-
tionally intensive [28].

In comparing these works, it is clear that the control technique is important to the
EV charging converter’s performance. Although the PI is simple, PR controller of-
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fers better harmonic rejection with the regulation of the AC current. For an extreme
nonlinear operating conditions, the Lyapunov-based controller can even provide more
effective controllability. Further research on control methods is definitely required in
order to find out which one could provide the optimal control performance and effi-
ciency for the EV charging converters.

2.8 Research Gap

From the above literature survey it has been observed that there is a considerable num-
ber of works on each individual PFC converter topologies and isolated DC-DC convert-
ers for the EV charging application. The majority of these works are focused towards
enhancing the power factor and THD reduction along with efficient operation of the
converter structure, varying with control techniques.

Many of the conventional studies on the Boost PFC converters with the PI-based
control technique shows that results are acceptable, but the performance in harmonic
compensation and the transient response under load variations are poor. Studies have
been carried out separately for advanced control techniques such as PR and non-linear
Lyapunov based control. Though there is less investigation of comparing the control
schemes for the same conditions.

Similarly for higher power application interleaved Boost PFC converters are used
since current ripple is less and heat distribution is better. Detailed analysis between the
conventional and interleaved converter with different control strategies are not explored
to its potential in many literatures. For low power isolated application Single stage
Flyback PFC has also been studied with less components and simpler structure. But in
most of the literatures only two stage PFC structure or an isolated DC-DC converter
alone are explored not combined for EV charging.

In high power isolation system FBC & PSFB are mainly studied for high power,
high efficiency applications with the provision for isolation. PSFB converter offers soft
switching, but limited investigation are available in literature concerning both convert-
ers together under EV charging operation.

Hence it has been observed that some literatures are focused on analyzing AC-DC
stage alone and others have worked on individual DC-DC stage separately. There is an
immediate need to work on a combination of these different converter topologies and
control methods in an integrated manner for the EV charging application.

Therefore the present work is to investigate the following aspects:

1. Comparative analysis between the conventional and interleaved Boost PFC con-
verter.

2. Comparative analysis between the PI, PR and Lyapunov based control tech-
niques.

3. Investigation on single stage Flyback PFC converter.
4. Comparison of FBC & PSFB.

5. Comparison of overall system performance under various EV charging applica-
tion conditions.

12
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2.9 Conclusion

In this chapter, a extensive literature review for different converters topologies & con-
trol strategies adopted for EV chargers were carried out. Boost & interleaved boost
PFCs, Flyback PFC, FBC & PSFB with their operating principles, advantages and
disadvantages have been discussed. Also, the significance of using advanced control
strategies like PI, PR and Lyapunov based control to improve the converter perfor-
mance and its power quality as well as dynamic response were identified in the liter-
ature review. Some of the existing studies on harmonic reduction and power factor
improvement and isolated DC-DC converters were surveyed.

From the literature review conducted, research gap was identified to be on the com-
parative study of multiple converters and control strategies for EV chargers, which is
addressed in the present work by performing modelling, analyzis & control of different
PFC & isolated conerter topologies using MATLAB/Simulink. The system architec-
ture and basic concepts required to study the converter topology and its control in the
next chapter are presented in the following.
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CHAPTER 3

BOOST PFC CONVERTER

3.1 Introduction

It has growing interest among researchers and is discussed extensively in the liter-
ature because it is simple, low THD, high efficiency. It is able to give a higher output
than rectified input, and offers good power factor correction capability.[7] [6] [17]

Several modes of operations have been studied on boost PFC converter, namely
CCM, CRM and DCM. The current ripple and peak current is lower in CCM than in
DCM, but it has complicated control. The DCM control is simpler and natural shaping
of current, but at higher power levels, it has a greater stress and conduction loss than
the CCM.[7] [6] [17]

Numerous control strategies are applicable for boost PFC. PI controller is com-
monly used due to its simplicity in control. However, the PI control cannot perfectly
compensate the harmonics under transients. Advanced control schemes like propor-
tional resonant (PR) control and nonlinear Lyapunov based control were later devel-

L o oped to eliminate this limitation.

The PR control is found to obtain a well sinusoidal current and low steady state
error. This control gives better power factor as it achieves low THD and also exhibits
satisfactory dynamic performance. Lyapunov based nonlinear control aims to improve
the system stability during parameter and load disturbances.[7] [6] [17]

Though the boost PFC converter has several merits, it has some demerits also. It
has only boost mode of operation. Fast switching leads to more losses & EMI which
might require specialized control design and circuit optimization.[ 18]

In general, the boost PFC converter remains to be a highly efficient converter with
a simple control scheme to make its way through as a preferred choice in EV charging
and advanced power electronics applications.[7] [6] [17]

This chapter describes the modelling, analysis, & control of boost PFC. The topol-
ogy, mode of operation, mathematical models, controller design and simulation results
using PI, PR and Lyapunov based controller are presented.

3.2 Converter Topology and Operation

This circuit is made up of a few things: a DBR , a diode, a power switch, a inductor,
an capacitor & output.

14
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Fig. 3.1: Circuit diagram of Boost PFC

This stage does one thing: it takes rectified voltage & boosts into a regulated DC

output actually more than the input.[6, 7].

Tbl. 3.1: Parameters of circuit

Parameters Symbol | Value
Source Vin (ac) | 230 Vs
Output Voltage V, 400V
Load R 8012
Inductor L ImH
Capacitor C 5mF
Switching Frequency Fy, 25kHz

The table 3.1 contains all the parameter values for the circuit.

* S ON Condition:

Inductor is connected directly to supply and stores energy. Inductor current rises
linearly with time. During this interval Diode is OFF, load energized from capacitor[11].

* S OFF Condition:

Here, diode is ON, the output gets it power through diode. Voltage in the inductor

changes polarity, so output is boosted. [11]

3.3 Mathematical Modeling and Design

The mathematical modeling of the boost PFC is done from its two modes of operation.
This model is used to get necessary parameter values & to design control logic. The

moathematical modelling as follow: [6, 7]
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3.3.1 Mode 1: (0 to t,,) (Switch — Closed & Diode — Open)

The current in inductor increases linearly simultaneously, capacitor discharges slightly

to maintain load voltage.[6, 7]

Fig. 3.2: Boost PFC Circuit Mode 1

from [6, 7] By KVL [4],

dig,
—Vin + Lx — =
Vi + *dt 0
dis V.
dt L

from [6, 7] By KCL [4],

Ip = e+ o

by =ip — i,

v, V,
dt R
av. W
dt  R-C

(3.1)

(3.2)

(3.3)
(3.4)

(3.5)

(3.6)

3.3.2 Mode 2: (t,, to T) (Switch — Open & Diode — Closed)

By KVL [4],
diy
VS v, — 0
+ Lk
dign-v. | Va
d L
16
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Fig. 3.3: Boost PFC Circuit Mode 2

By KCL [4],
ip =i+ io&ip = ir
e =

o+ e+ 1
R

dve i Vo

dt C RxC

3.3.3 Averaged State-Space Model

From equations obtained from KVL,

dt L L

From equations obtained from KCL,

- ) - E

dt c RxC
3.3.4 Small Signal Analysis

i, 1 /'U\zn
+ -
| L
DTG )+ (1) .
dt B c RxC
Now, the transfer function will be,

Tu(s) _ (IESD) « R « ISR+ sRO)
dls) $2RLC + 5Lk (L=DP*R
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L] e ’l/)\c(S) (1 — D) * VC — (SILL)

(s)  (BROED) +Vo+(1-D)+R (3.18)

3.3.5 Design Calculations

Duty Cycle(D):
Peak of input AC vtg:

Vin(pk) = V2 % Vs = 325V (3.19)
Now, Duty ratio is[6, 7],
2%V,

m* V,

D=1-

— 0.4827 (3.20)

So the nominal duty ratio is 48.3 %. The power rating is found using:

V2 4007
 — Lo _ = 20001V 3.21
R 80 SR
Calculation of Boost Inductance(L):
Inductor formula is:.[6, 7]
Vi % D
= 3.22
AIL * f s ( )
- ° The Boost inductor is designed according to allowable inductor ripple current per-

centage. Ripple is generally selected from 20% to 40% average input current[7]. In
this work, 40% is considered [4]:

Iy, = Po/V;,, =2000/325 = 6.15A (3.23)
The allowable ripple current is selected as:
Al =0.41;, = 2.46A (3.24)

Substituting the design values: L =0.99 mH
Therefore, L =1 mH

Output Capacitor Design Calculation(C):
The capacitor value is calculated using [11]:

I,xD

C=AvaT,

(3.25)

Assuming the allowable ripple be 1%,

AV, = 0.01x400 = 4V

Substituting the converter parameters: C =25 pF

The theoretically obtained capacitor value represents the minimum capacitance re-
quired for ripple reduction. However, in practical PFC applications, a much larger
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capacitor is selected to minimize low-frequency ripple and improve DC bus stability.
Therefore, C = 2 mF

3.4 PI Controller Design

For getting stable output & making input current good we use a double loop structure
also known as a loop PI structure. This structure is comprised of the two following
loops [17].

Outer loop makes dc output vtg stable, and it generates a signal which defines how
much current is desired.

Inner loop makes sure input crt to follow the input voltage, enable maximum power
transfer with minimum harmonic generation [17][3]

Lref

'S
Vinl X X ,—| <
PI é }
+ Vref

Fig. 3.4: PI control block diagram

Transfer function of Plis written [ 18] as follows:

GPI(S) = Kp—l—Kl/S (326)

This means we have, K, proportional gain and K integral gain.

We pick gains so that converter works stablly & it respond quickly & have a small
error when it is running steadily.

Ziegler Nichols Method:

This method involves the Routh-Hurwitz (RH) criteria [3] , from which we will
obtain the ultimate gain, K. By utilizing the auxiliary (even) equation obtained from
the RH criteria and substituting s = jw.., we can determine the critical crossover
frequency, w,,. From w,,., we can find the ultimate time period:

9
T, =" (3.27)

wCT

Now, for the outer loop, several techniques are utilized determining corresponding
K, and K; values from the system transfer function.

3.4.1 Vtgloop design

The output vtg is monitored constantly and error calculated in ref. of400 Volts. Voltage
err is fed into PI, that gives current reference [12]:

€v<t> = ‘/ref -V (328)

19
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The ref for crt shaping is,

Ly = Kppe, + Kiv/ev dt (3.29)
After several tuning iterations, controller gains selected as shown,

Tbl. 3.2: Voltage Loop PI Gains

Gains Val
K, 41.48
K; 214.28

Gain values chosen offer:

* Steady output voltage regulation
* Less overshoot

* Better settling time

» Steady DC bus voltage at 400 V

3.4.2 Current Loop design
This loop is to make the input crt to follow input vtg. Error calculated from inductor
crt & refert [17]:
ei(t) =Ly — 11, (3.30)
Required duty is give ny,

d(t) = Kpcei + Kic/ei dt (331)

where d(t) represents duty control signal.

The PWM pulses are synthesized, compring controller signal with a high-freq.
waveform.[3]

The current loop gains were tuned so as to produce good current tracking, low
harmonic distortion, and stable working. Selected gains after tuning,

Tbl. 3.3: Current Loop PI Parameters

Parameter | Val
K, 0.005
K; 2
20
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To limit duty ratio into the maximum allowed working region, and to prevent the
wind-up of the controller in transients, a saturation block is used and positioned after
the current controller.

The applied two-loop PI control structure provides:

* Smooth regulation of 400V output voltage

Well-shaped current sine wave

Lower THD

* Nearly unity power factor

3.5 PR controller design

To enhance the sinusoidal current tracking ability and attenuate the harmonic distortion,
PR controller used in crt loop. Comparing PI, PR achieves much better tracking for AC
sinusoidal signals and reduces the error at the fundamental freq. [17].

L PR |
Iref

Y\'I'YO
Vil X x - <
PI ;
+ Vref

Fig. 3.5: PR block diagram

In the present control scheme, vtg loop uses PI control to get stable output vtg, &
inner crt loop uses PR controller to shape crt.[17].

The actual TF for PR,
2K;w.s

=K 3.32

Grn(s) rt $2 4 2w.s + wi (3.32)
where:

K, = proportional gain (3.33)
K,; = resonant gain (3.34)
w, = cutoff frequency (3.35)
wo = resonant angular frequency (3.36)

The resonant angular frequency is selected based on the AC supply fundamental
frequency [17]and is calculated as:

wo=2nf (3.37)
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For a 50 Hz supply frequency:
wo = 27 x 50 = 314 rad/s (3.38)

Thus:
wi = (314)* = 98696.04 (3.39)

The PR controller is implemented in MATLAB/Simulink using the transfer function
block. The numerator and denominator coefficients used for implementation are:

Numerator Coefficients: [10 1 10 x 98696.04] (3.40)
Denominator Coefficients: [10 98696.04] (3.41)

The implemented PR controller transfer function therefore becomes:

10s

—_— 342
s? + 98696.04 (342)

GPR(S) =10+

The controller gains are chosen through a series of tuning attempts in MATLAB/Simulink.
The tuning parameters were adjusted to provide:

* Better sinusoidal current tracking

Less Total Harmonic Distortion (THD)

Stable converter operation

Quick dynamic response

* Higher power factor

Tbl. 3.4: PR Controller Parameters

Parameter Val
K, 10
K; 10
Wo 314 rad/s
wa 98696.04

3.6 Lyapunov-Based Controller Design

Lyapunov stability theory is adopted for the controller design where right Lyapunov
function V(t) is proposed such that it decreases all the time. So, the system energy
decreases as time goes on. If dV(t)<0 then the system will remain to be stable.

For getting, error of current, e = 4,1,

If V() is the candidate Lyapunov [28] energy function, then for asymptotic stabil-

ity,

- @ V(®)>0 and Vi(z)<0 Yz#0 (3.43)
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rrent Comtrol

Vin i
d fh‘ X X . -
%? > o PI PWM mlim
+ e Cu
d

Fig. 3.6: Lyapunov control block diagram

Energy stored in boost can be given as

1, 1

V= §Lz,2 + 5(11}3 (3.44)
1. L 0] [ig

V=3 lip vc] [0 C] L}} (3.45)
1 T . T

V=gz'Pr  herex = lip e (3.46)

If
€i, =4, —Ip; €y, = Vo — V¢ ed:ci—dff (or)d — D (3.47)

:>EL:€1‘L—|—IL; Ve = €y, + U¢; dszcz—dff:>cz:dfb+dff (3.48)

1., 1., 1,
=V = §L€iL + §C€UC = 56 Pe (349)
For boost converter,
Vin
= 3.50
Ty (3.50)
/l)A
=)= —— 3.51
R g (3.51)
S l—dyp=toso (3.52)
Vo Vo
The average model is:
di -
L% = —(1— )7, + vin (3.53)
@ By g
C—=[0—-4d)ip— = 3.54
and
Ve = Vg (3.55)
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Put LHS =0 [# = 0] steady state or dc value

= 0= —(1—ds)v. + vin (3.56)
=dp=1- 1;—” (3.57)
",
. 3.58
T T dyy, (3:58)
&0 = (1—dff)JL—% (3.59)
= £ = I,(1—dy) (3.60)
Ve
=1, = (3.61)
R(1 —dyy)

d Vin 1— dff — dfb

dt(62L +17) 7 < 7 ) (€4, + Ve) (3.62)

deiL d[L o Uin 1
o T = 7 T e — dysew — dppeo, + Ve = dpyve — dppoe] - (3.63)

de;,  Vin Ve €y
—= = ———=(1—-dsyp—dp) — —(1—ds—d 3.64
= L dp—dp) = (1 —dyy —dp) (3.64)
During steady state % =0
de;, Vin, Ve €u,
i T—E<1—dff—dfb)— 7 (1—dsr—dp) (3.65)
dGiL Ve 1-— dff dfb
= —dp— | ——= | e, + =6, 3.66
LY ( L >€C+Lec (3.66)
Represent it in standard form,
e =Ge+ (HG + h)dfb (367)
From equation (13),
1 —dyy = —n (3.68)
Ve
Vin Vin Ve Vin Uin
—_——— == — - — 3.6
T % L L 1L (3:69)
deiL 1-— dff dfb Ve
- _ o+ ——e, + —d 3.70
dat < I )€C+L€C+Lﬂ’ (3.70)
1— dff 1 Ve
= . H=—: h— ¢
G L 7 L’ L
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Also,
dv. (1 —d)- v,
— = — 3.71
dt c """ RC G.71)
d 1—dp—d 1
= E@UC +v.) = (%) (€, +11) — m(evc + v.) (3.72)
de,, 1 1 Ve
5 = oo —dpei, +Ip —dply —deeli] = pa(en) = 55
(3.73)
de,, 1 Ve €i, Iy
e = - L —dpy — Lin—dy—
o 70 " Re T o L dn —dygl+ S 1= dp —dyy]
(3.74)
d 1 1 —dyy dgy Iy,
e, —e, o) = Le;, — —=d 3.75
:>dt€c RC€C+( C eL) CeL Cfb ( )
Ve IL Ve ch (1 — dff)
_ =1 =d 3.76
{ e T = metRaza,) © (3.76)
Using equation (14),
v v
=< < = 3.77
RC  RC 0 3.77)
dev 1 (1 + dff) dfb Ic
—e— ¢, i — —e; — —d 3.78
it~ RC™ c rT oot G.78)
Here,
1 1—d
G =t ( - ff> e, (3.79)
d
H = ge (3.80)
]L 1 Ve
h=_Lg, — _— 3.81
c T T C R —dpy) (3.81)
The state-space error in matrix form as:
de;,, o —U+dy) 1 Ve
dt L e, L| |ei L
de., 1—dyy 1 {e} Tl . {e} SN IS el
dt C “RC C (1—dgp)RC
(3.82)
Representing equation A in terms of matrix:
1 L 0] |ig
V= 3 [eiL evc} {0 C’} [UC] (3.83)
L 7
V= 3¢ Pe (3.84)
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Now find K and dj, by V < 0:

K = % [H"P + PH| (3.85)

&dp,=—ale"Ke+h"Pe| & a>0 (3.86)

Find K and dy, and implement Lyapunov based controller:

1
K =3 [H"P + PH| (3.87)
1 1
0 —— 0 -
1 c|IE 0 L 0 L
K = 3 1 ) {0 C’] + {O C’] 1 . (3.88)
L C
K—l 0 _1+ O 1fl_1]0 0 _1]0 0 (3.89)
201 0 -1 0/f 20 0] |00 '
The resulting feedback control law becomes:
d [V Ve * ew. } (3.90)
= -« *xe, — ————— :
T T (1—dy)R

In this controller strategy, at any time the controller determines the duty cycle ratio
dependent on the states of the converters and the error at that time. The reference for the
input current is thus followed, while maintaining the output voltage steady. Lyapunov
controlled Boost PFC converter offers:

* Enhanced nonlinear stability

* Fast dynamic performance

* Less overshoot

+ Better disturbance rejection

* Enhanced current tracking capability
* Lower harmonic distortion

Compared to the typical PI and PR controllers, the Lyapunov controller possesses
better stability under nonlinear dynamics of the converter and different operating conditions[28].
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3.7 Simulation Results

3.7.1 Boost PFC with PI control
I/p Vtg & Crt

Input voltage

Submission ID trn:oid:::30110:141243871

N

\

Voltage

\

\V

0.36 0.38

04

0.44 0.46 0.48 0.5
Time
Input current
™\ ™\ ™\ ™\ N\ N\ ™\ Fa¥ ™\ ™\

AW AWAWAWAWAWAWAWAWAW A\
‘v vV V V/ /SN
B A4 \v4 \V 4 7 \v4 AV 4 7 A4 \v4 A4
0.32 0.34 0.36 0.38 04 0.42 0.44 0.96 0.48 05
Time
Fig. 3.7: I/p Vtg & Crt of Boost PFC
O/p Vtg
Qutput voltage ] Signal Statistics x
Value Time
Max 4.041e+02 0367
“ Min 3.957e+02 0.352
430 Peak to Peak  8.408e+00
Mean 4.000e+02
Median 4.001e+02
RMS 4.000e+02
@ AN N A N A N N N * ¥ Bilevel Measurements X
£ e \Y Vv vV Vv \v) \v \V) \Y} \Y) P | > Settings
= ¥ | ¥ Transitions
High 4.041e+02
Low 3.957e+02
3 Amplitude 8.324e+00
+ Edges 20
+ Rise Time 2.866 ms
+ Slew Rate 2.323 (/ms)
w50 - Edges 19
- Fall Time 2.999 ms
038 04 042 044 046 048 05 052 054
Time - Slew Rate -2.220 (/ms)
Fig. 3.8: O/p Vtg of Boost PFC
Load Current
Load current B [37 signal Statistics ax
56 Value Time
Max 5.051e+00 0.367
Min 4.946e+00 0.352
o4 Peak to Peak  1.051e-01
Mean 5.000e+00
5. Median 5.001e+00
RMS 5.000e+00
=5 N N N N N N N N 7V Bilevel ax
gV \Y VvV V V V'V V VvV V'V .
5 | > Settings
© ¥ | ¥ Transitions
48
High 5.051e+00
Low 4.947e+00
46 Amplitude 1.040e-01
+ Edges 20
+ Rise Time 2.866 ms
a4 + Slew Rate 29.039 (/s)
- Edges 19
- Fall Time 2.999 ms
038 04 042 044 0.46 048 05 052 054
Time _ Slew Rate 27.752 (Is)
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Fig. 3.9: Load crt of Boost PFC
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Total Harmonic Distortion

Fundamental (50Hz) = 12.85, THD= 4.45%
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Fig. 3.10: THD analysis

3.7.2 Boost PFC with PR control
I/p Vtg & Crt

400
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Fig. 3.11: I/p Vtg & Input Crt of Boost PFC
O/p Vtg
Output voltage 7 ¥ Signal Statistics ax
Value Time
415 Max 4.031e+02 0.437
Min 3.969e+02 0402
Peak to Peak  6.243e+00
“ Mean 4.000e+02
Median 4.000e+02
405 RMS 4.000e+02
o 7 ¥ Bilevel Measurements ax
g b | > settings
= \/ ¥ | ¥ Transitions
395 High 4.026e+02
Low 3.975e+02
Amplitude 5.056e+00
> + Edges 9
+ Rise Time 2.559 ms
385 + Slew Rate 1.582 (/ms)
- Edges 8
- Fall Time 2663 ms
0.41 0.42 0.43 omtr 0.45 0.46 0.47 _ Slew Rate _1519 ¢ms)
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Fig. 3.12: O/p Vtg of Boost PFC
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Load Current
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Load current E [F v signal Statistics ax
Value Time
5.4 Max 5.03%e+00 0.437
Min 4.953e+00 0.382
&3 Peak to Peak  8.550e-02
5. Mean 4.998e+00
| Median 4.999e+00
51 RMS 4.998e+00
E 5 \V/ \/AV /\V /\V /\V /\V . v Bilevel Measurements %
5 v | > Settings
o * | ¥ Transitions
4.8 High 5.033e+00
Low 4.969e+00
4.7] Amplitude 6.327e-02
a6 + Edges 8
: + Rise Time 2.553 ms
4. + Slew Rate 19.850 (/s)
- Edges 8
4.4 - Fall Time 2.665 ms
0.36 038 0.4 0.42 0.44 0.48 0.48
Time - Slew Rate -18.993 (/s)
Fig. 3.13: Load crt of Boost PFC
. . .
Total Harmonic Distortion
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Fig. 3.14: THD analysis, THD = 3.21% and Power factor = 0.99

3.7.3 Boost PFC with Lyapunov control
I/p Vtg & Crt
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Fig. 3.15: I/p Vtg and Crt of Boost PFC
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O/p Vtg

Submission ID trn:oid

Output voltage B [zv Signal Statistics X
Value Time
Max 4.026e+02 0.537
Min 3.966e+02 0.333
Peak to Peak  6.074e+00
Mean 3.997e+02
Median 3.996e+02
- RMS 3.997e+02
A\ N\ A N N N N\ N\ N N * ¥ Bilevel Measurements nx
FUVVVVVVVVVVVVVVVVVVVVY .,
= ¥ | > Settings
Z s v
High 4.025e+02
Low 3.971e+02
Amplitude 5.467e+00
3 + Edges 14
+ Rise Time 2872 ms
+ Slew Rate 1.523 (/ms)
360 - Edges 14
- Fall Time 2.950 ms
034 036 038 04 042 044 046 048 05 052 054
Time - Slew Rate -1.482 (/ms)
Load current E  [77 signal Statistics LR
Value Time
8 Max 5.033e+00 0.607
Min 4.961e+00 0413
e Peak to Peak  7.192¢-02
Mean 4.998e+00
o Median 4.9980+00
RMS 4.998e+00
5
= 7 ¥ Bilevel Measurements ax
»
g 5 ¢ | » Settings
© % | ¥ Transitions
4.8
High 5.032¢+00
46 Low 4 964e+00
Amplitude 6.833e-02
44 + Edges 20
+ Rise Time 2872 ms
4 + Slew Rate 19.032 (/s)
- Edges 19
- Fall Time 2.949 ms
0.42 0.44 0.46 0.48 05 052 054 056 058 06
Time - Slew Rate -18.533 (/s)
Total Harmonic Distortion
Fundamental (50Hz) = 12.83 , THD= 1.22%
T T T T T T
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07 B
o
= L i
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E
T 051 1
S
w
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<
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Fig. 3.18: THD analysis

THD = 1.22% and Power factor = 0.999
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3.8 Conclusion

From the observation of the simulations and the results it is clearly visible that Ly-
paunov control provides better transient response and also less THD, therefore the
power factor is better with lyapunov control.
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CHAPTER 4

INTERLEAVED BOOST PFC CONVERTER

4.1 Introduction

Regarding the increasing demand of high power of the modern EV charging sys-
tems, the traditional single phase Boost PFC converter is becoming restricted because
of its high input current ripple, which caused a higher stress on the individual compo-
nents (thermal and conduction loss).

This has multiple converter legs with different phase shifted control signals. Due
to the fact that different legs are operating at out of phase with each other, the input
current ripple is \cancelled among them which gives better input current quality and
also the EMI could be reduced to some extent. Besides that, the current sharing among
each converter leg could also greatly reduce the stress on individual components.

Here, 2 phase operating PFC for EV charging system is proposed. Phase difference
between legs is 180°. A regulation of DC output voltage, lower harmonics for this PFC
is analyzed[19] [20].

The advantage using interleaved Boost PFC converter:

* Reduced current ripple

Better thermal distribution

L]

High power capability

Smaller filter size

Higher efficiency
In this thesis, the two kinds of control methods- PI and PR control methods are

utilized for this PFC.

4.2 Converter Topology and Operation

2 legs are connected in parallel & switched based on time shifted signals to realize
the operation. This paper, simulates a 2-phase PFC to achieve the improved input cur-
rent quality, reduce ripple current and increase converter performance for EV charging
application.
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Fig. 4.1: Interleaved Boost PFC Circuit Diagram

The system has a DBR, two boost inductors, two power semiconductor switches,
two diodes, output capacitor & a load. Voltage input rectified with DBR, then fed to
the converter as input.[19]

The performance indices for PFC is below 4.1

Tbl. 4.1: Specs of Interleaved Boost PFC

Configuration Symbol Val
I/p Vtg Vi 230 V (rms)
O/p Vtg V, 400 V
Power P, 2kW
Load Resistance R 80
Inductor per Phase Ly, Ly ImH
Output Capacitance C SmF
Switching Frequency fs 25kHz
Phase Shift ) 180°

Both phases of converter were switched with 180 phase shift between gate pulses
in the topology described. This phased shifted operation cancels a portion of the input
inductor current ripple which greatly reduces it in i/p side.

This operation helps i/p current share equally in each half of two converter phases
which reduces individual stress to semiconductor devices and passive components, de-

L @ creasing power devices thermal effect. As a result, the efficiency of the converter has

been largely increased.

At S ON phase, inductor draws energy. When the S turns OFF,inductor delivers
energy to load through diode[19]

The converter has lower input current ripple, higher pf & lower harmonics as a
result of ripple cancellation from interleaving.

4.3 Mathematical modelling and Design

Two boost converters are switched in 180 phase shift in this topology. Ripple
crt is partly cancelled by using 180 phase shifted switching. Opertion of convertr is
explained.
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4.3.1 Mode 1: Both Switches ON

Switches simultaneously ON. Inductors stores energy this phase. Crt rises linearly. As
no current is diverted to diodes in this instant load is fed from output capacitor.

D,
~
L1
~
L1
D,

<
[=N
e
w
=1
Of‘)
g
I
oot

L
|

Fig. 4.2: Interleaved Boost PFC Circuit for Mode 1

Vtg in inductors is:

Vi, =V, = Vin
Applying Kirchhoff’s Voltage Law (KVL):

dir,  dig,

dt dt v @D
Thus: g i v
@ tr2 i
— === 4.2
dt dt L 4.2
The capacitor current equation during this interval becomes:
dVs Vo
= — 4.3
dt RC *3)

4.3.2 Mode 2 & 3: One Switch ON and One Switch OFF

During this interval, one converter phase stores while another transfers energy to output.
The phases is operated alternatively.
Inductor voltages are expressed as:

Vii = Vin (4.4)
Vie = Vi = V5 (4.5)
Applying KVL: 0
7
L d? =V (4.6)
1 vy, v, @47
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Fig. 4.3: Circuit for Mode 2 & 3

The capacitor current equation becomes:

d
Yo _; Yo (4.8)

Ca TR

At next half cycle,switching states are reversed because of 180°phase.
This mode is responsible for the ripple cancellation effect in the interleaved con-

verter and significantly reduces the overall input current ripple.

4.3.3 Mode 4: Both Switches OFF

During this interval, both switches are turned OFF and inductors delivers energy to
output through diode. The inductor currents decrease while supplying.

L, D,
YL H

<
o
g
w
1
oﬁ
g
|
g o

L
|

Fig. 4.4: Interleaved Boost PFC Circuit for Mode 4

Inductors vtg:

Vi, =V, =Vin =V, (4.9)
Applying KVL:
diry dirs
L—=L—=V,, =V, 4.10
dt dt (4.10)
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Thus: di i v v
i1 lL2 in — Vo
= = 4.11
dt dt L 1D
The capacitor current equation becomes:
dv, . , Vo
Cdt :ZLl—i-ZLQ—E (412)
Duty cycle is given by[19, 22]:
Vi
V,= "= 4.13
—D (4.13)
D is duty ratio.
4.3.4 Avg State-Space Model
This model of interleaved Boost connverter as follows,
Averaged inductor current equation is expressed as:
di
LEL — v, —(1- D) (4.14)
dt
Similarly, the averaged capacitor voltage equation becomes[19]:
dv, . ) Vo
C P (1_D>(ZL1+ZL2)_E (4.15)

The corresponding averaged state-space representation is therefore given by:

i)~ ][] 19
= = | 2(1-D) i .

di v, T |22 1| e 0

The averaged model represents the large-signal dynamics & is useful to design con-
troller for stability.

4.3.5 Small Signal Analysis

For controller design and transient analysis, using perturbations & linearisation,
converter variables are represented as[19]:

ip =1, +1is 4.17)
v, = Vo + 0o (4.18)
d=D+d (4.19)

where:
* I, Vo and D represent steady-state quantities

. L, U, and d represent small perturbations.
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Inductor current equation becomes:

di ;
% = —(1 = D)i, + VodL (4.20)

Similarly, the capacitor voltage equation becomes:

do, . N
C—2 =21~ D)iy —20d ~ = (4.21)

4.3.6 Design Calculations

Duty Cycle(D):
Peak of input AC vtg:

Vin(pk) = V2% Vg = 325V (4.22)

Now, Duty ratio is[6, 7],
2%V,

T XV,

D=1-

— 0.4827 (4.23)

So the nominal duty ratio is 48.3 %. The power rating is found using:

V2 4007
P,=-= = = 2000 4.24
R 80 (424)
Calculation of Boost Inductance(L):
- @ The output power of the converter is:
4002
P, = = 2000W
80
The average input current is:
2000
in = —— =06.15A
325

Since two phases share the current equally:

6.15
Ity =110 = 5 = 3.075A

Assuming ripple current of 40%:
Al =0.4 x 3.075 = 1.234

The switching period is:
Ty=———==
25 x 103
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The inductance value is calculated using:

Vin DT
I =
Al

(4.25)

Substituting the values:

325 % 0.1875 x 40 x 1076
- 1.23

L

Thus: L ~ 1.98mH
For practical implementation: L;=Ls;=1mH Output Capacitor Design Calcula-
tion(C):
The capacitor value is calculated using:

I,xD

C=AveT

(4.26)

Assuming the allowable ripple is 1% . AV, = 0.01x400 = 4V

Substituting the converter parameters: C =25 pF

The theoretically obtained capacitor value represents the minimum capacitance re-
quired for ripple reduction. However, in practical PFC applications, a much larger ca-
pacitor is selected to minimize low-frequency ripple and improve DC bus stability[19].

Therefore, the output capacitor value is selected as, C =2 mF

4.4 PI Controller Design

For getting stable output & making input current good we use a double loop structure
also known as a loop PI structure. This structure is comprised of the two following
loops [17].

Outer loop makes dc output vtg stable, and it generates a signal which defines how
much current is desired.

Inner loop makes sure input crt to follow the input voltage, enable maximum power
transfer with minimum harmonic generation [17][3]

Fig. 4.5: PI control block diagram

Transfer function of Plis written [18] as follows:

Grils) = K, + Ki/s (427)

This means we have, K, proportional gain and K integral gain.
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We pick gains so that converter works stablly & it respond quickly & have a small
error when it is running steadily.

Ziegler Nichols Method:

This method involves the Routh-Hurwitz (RH) criteria [3] , from which we will
obtain the ultimate gain, K. By utilizing the auxiliary (even) equation obtained from
the RH criteria and substituting s = jw.., we can determine the critical crossover
frequency, w,,. From w,,., we can find the ultimate time period:

2
T, =" (4.28)

wCT

Now, for the outer loop, several techniques are utilized determining corresponding
K, and K; values from the system transfer function.

4.4.1 Vtgloop design

The output vtg is monitored constantly and error calculated in ref. of 400 Volts. Voltage
err is fed into PI, that gives current reference [12]:

€v<t) = ‘/ref Vs (429)
The ref for crt shaping is,

[Tef = vaev + Kw/ev dt (430)

After several tuning iterations, controller gains selected as shown,

Tbl. 4.2: Voltage Loop PI Gains

Gains | Val
K, 0.05
K; 0.2

Gain values chosen offer:

L]

Steady output voltage regulation

* Less overshoot

Better settling time

Steady DC bus voltage at 400 V

4.4.2 Current Loop design

- 9 This loop is to make the iput crt to follow input vtg. Error calculated from inductor
crt & refert [17]:
GZ(t) = dpef —IL (431)
39
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Required duty is give ny,

where d(t) represents duty control signal.

The PWM pulses are synthesized, compring controller signal with a high-freq.
waveform.[3]

The current loop gains were tuned so as to produce good current tracking, low
harmonic distortion, and stable working. Selected gains after tuning,

Tbl. 4.3: Current Loop PI Parameters

Gain | Val
K, 1.3
K; &5

To limit duty ratio into the maximum allowed working region, and to prevent the
wind-up of the controller in transients, a saturation block is used and positioned after
the current controller.

The applied two-loop PI control structure provides:

* Smooth regulation of 400V output voltage

Well-shaped current sine wave

Lower THD

Nearly unity power factor

4.5 PR controller design

To enhance the sinusoidal current tracking ability and attenuate the harmonic distortion,
PR controller used in crt loop. Comparing PI, PR achieves much better tracking for AC
sinusoidal signals and reduces the error at the fundamental freq. [17].

Vo
Vin X X ’—lP ) < :
+ Vref

Fig. 4.6: PR block diagram

In the present control scheme, vtg loop uses PI control to get stable output vtg, &
inner crt loop uses PR controller to shape crt.[17].
The actual TF for PR,
40
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Grrls) = K, + f;i“;i 7 (4.33)
where:

K, = proportional gain (4.34)

K; = resonant gain (4.35)

w. = cutoff frequency (4.36)

wo = resonant angular frequency (4.37)

The resonant angular frequency is selected based on the AC supply fundamental
frequency [17]and is calculated as:

wo =27 f (4.38)
For a 50 Hz supply frequency:
wo = 27 x 50 = 314 rad/s (4.39)
Thus:
wi = (314)% = 98696.04 (4.40)

The PR controller is implemented in MATLAB/Simulink using the transfer function
block. The numerator and denominator coefficients used for implementation are:

Numerator Coefficients: [10 1 10 x 98696.04] (4.41)
Denominator Coefficients: [10 98696.04] (4.42)

The implemented PR controller transfer function therefore becomes:

10s

G 104+ ——"
Pa(s) Tt 2 1 0%696.04

(4.43)

Tbl. 4.4: PR Controller Parameters

Parameters Val
K, 10
K; 10
Wo 314 rad/s
wa 98696.04

The controller gains are chosen through a series of tuning attempts in MATLAB/Simulink.
The tuning parameters were adjusted to provide:

* Better sinusoidal current tracking

* Less Total Harmonic Distortion (THD)
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+ Stable converter operation
* Quick dynamic response

» Higher power factor

4.6 Simulation Results

4.6.1 Interleaved Boost PFC with PI control
I/p Vtg & Crt
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|\ \/

\
w ] \] [VRVEVEAVEA \
vV VVVVVVVVYVVVY
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Time
Input current

400

Voltage

-400

20

INNNNNNNNNNNN/
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Current

-20

Time

Fig. 4.7: I/p Vtg & Crt waveform

Inductor Current
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Fig. 4.8: Inductor Crt waveform

42

z'l_.l turnitin Page 63 of 119 - Integrity Submission Submission 1D trn:oid::30110:141243871



zﬂ turnitin Page 64 of 119 - Integrity Submission

O/p Vtg

Submission ID trn:oid:::30110:141243871

Qutput voltage * ¥ signal Statistics nx
- Value Time
40| Max 4.020e+02 1.187
Min 3.985e+02 1.473
Peak to Peak  3.538e+00
Mean 4.003e+02
Median 4.003e+02
RMS 4.003e+02
a1
© 7 ¥ Bilevel Measurements ax
=3 AAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAA -
F10o VVVVVVIVVVVVWWVVVVWVVVVMVVVVVVVVVVVM ¢ | settings
= Elvm
High 4.019e+02
38 Low 3.986e+02
Amplitude 3.326e+00
+ Edges 34
+ Rise Time 2.800 ms
+ Slew Rate 950.294 (/s)
- Edges 34
350|
- Fall Time 2.925ms
115 12 125 13 1.35 14 1.45 _ Slew Rate -009.655 (/s)
Time
Load current @ [7 ¥ signal Statistics ax
Value Time
58 Max 5.025e+00 1.187
Min 4.981e+00 1.073
56 Peak to Peak 4 .426e-02
Mean 5.003e+00
54 Median 5.003¢+00
RMS 5.003e+00
52
= ¥ ¥ Bilevel Measurements nx
gs b > Setlings
© % | ¥ Transitions
48
High 5.024e+00
46 Low 4.982e+00
Amplitude 4.205e-02
a4 + Edges 32
+ Rise Time 2.839 ms
a2 + Slew Rate 11.849 (/s)
- Edges 32
4 - Fall Time 2.969 ms
11 115 12 125 13 135
Time - Slew Rate -11.328 (/s)
Total Harmonic Distortion
Fundamental (50Hz) = 13.21 , THD= 1.86%
T T T T T T
12 - b
T T iy
=
£
< 0.8 4
k=]
c
S
w
5 06 b
S
<
204 b
=
0.2 - b
0 I | L L I I 1 I I |
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

Fig. 4.11: THD analysis

THD = 1.8% and Power factor = 0.999
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4.6.2 Interleaved Boost PFC with PR control
I/p Vtg & Crt
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Fig. 4.12: 1/p Vtg & Crt waveform
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Fig. 4.13: Inductor CRt waveform

44

z'l_.l turnitin Page 65 of 119 - Integrity Submission Submission 1D trn:oid::30110:141243871



zﬂ turnitin Page 66 of 119 - Integrity Submission

7) turnitin
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Fig. 4.16: THD analysis

THD = 3% and Power factor = 0.99

4.7 Conclusion

As result shows this PFC has low ripple in current and achieves a better power than the

conventional boost PFC as it has very low THD
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2] CHAPTER 5

SINGLE-STAGE FLYBACK PFC CONVERTER

5.1 Introduction

Thic PFC is considered as good for the low and mid rated EV chargers because
they have a smaller structure, low component count and more power conversion capa-
bility compared to two-stage structures. Instead of separating into two stages, a single
stage converter is considered where both functions are combined in a single power con-
version stage, and thus reduced the size, cost and the control complexity of the overall
converter.[13] [14]

There are many topologies of the single stage converters, among them Flyback
converter is highly preferred as its circuit is simple and it also provides the necessary
transformer isolation, and better for low rated application. In Flyback converter, [23,
24] stores energy in T/F magnetizing inductance while charging period, & the stored
energy delivered for output when discharging period.[13] [14]

Some advantages of the Flyback converter are as below:

* Electrical Isolation

* Low Component Count

* Compact Structure

* Simple Control

* Low cost of converter design

However the Flyback converter has a problem in its input current as it is discontin-
uous and higher ripple of current at higher power is also a problem. Thus the controller
should be designed properly and the converter parameters are also important to have a
better output of converter and also power quality.

5.2 Converter Topology and Operation

This is the only step Flyback PFC converter which performs two actions, namely,
to improve power factor and to convert DC-DC power all in one stage.
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(B

A a

Fig. 5.1: Flyback Converter Circuit

The components present in the circuit are diode bridge rectifier, Flyback trans-
former, power semiconductor switch, output diode, output capacitor and output load
resistor.

Initially, AC voltage is applied to DBR. Flyback transformer serves the purpose of
isolation and storing the energy and then converting it.The specification for designed
single stage Flyback PFC converter are as in 5.1 Flyback converter stage is coupled
with output voltage.

The components present in single stage Flyback PFC converter are diode bridge
rectifier, Flyback transformer, power semiconductor switch, output diode, output ca-
pacitor and output load resistor.

Tbl. 5.1: Design Specifications of Single-Stage Flyback PFC

Configuration Symbol Val
I/'p Vtg Vin 230 V (rms)

O/p Vtg V, 48V

Power P, 100W

Load Resistance R 23 Q
Magnetizing Inductance Ly, 900uH
Output Capacitor C, 4000 F
Switching Frequency fs 50kHz

» Switch ON Condition

When you close the power switch at the time which the power switch should be
closed the power switch is closed. Then the rectifier produces a voltage to section of
Flyback T/F. A section of Flyback T/F stores energy and while this section stores energy
the current flowing in it grows and grows linearly.

47

Z"—.I turnitin Page 68 of 119 - Integrity Submission Submission ID  trn:0id:::30110:141243871



z'l_.l turnitin Page 69 of 119 - Integrity submission Submission ID _ trn:0id::30110:141243871

The secondary diode of the Flyback T/F blocks any current during this period of
time. Therefore no energy is produced on the output side. Now stored energy in the
output storage capacitor now drives power to load.

The voltage across a section of the Flyback transformer which stores energy during
this period of time is given by:

Applying Kirchhoff’s Voltage Law (KVL):

diy,
ey, 5.2
It (5.2)
Thus: di v
lp in
T 5.3
dt L., (5:3)

* Switch OFF Condition

During the OFF interval, T/F winding polarity reverses. Stored energy in L,,qg,
transferred to other side through output diode. 2°crt flows through o/p capacitor &
load resistance.Vtg across magnetizing inductance during this interval is expressed as:

N,
Vim = —FZVO (5.4)
Applying KVL: .
ot = =22, (5.5)
Thus: d, N, 6
dt N,L,, '
where:
* N, = primary turns
* N, = secondary turns
Vtg conversion ratio for Flyback,
Ns D
‘/o - Fpﬁ%n (57)

D = duty ratio

So Flyback converter carries out two tasks at the same time: regulated output volt-
age; at the same time, one great advantage of this converter is that it can isolate and this
capability is not possessed by other converters. Thus, in order to achieve the two tasks,
this component can become very small and it comprises only several components.

- @ Now, let’s make a comparison between Flyback converter and Boost PFC converter.

Some disadvantages exist for Flyback converter, like its input current is discontinuous,
higher ripple and so on; it is very sensitive for controller design. The controller design
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in Flyback converter is quite critical in order to ensure a well power quality and hence
to make this system to be a useful and working system.

5.3 Mathematical Modeling and Design Calculations

For us to know how the converter operates we should make a model of it. It will
enable us to select parameters for the converter as well as designing the control circuit.

[23].
5.3.1 Mode 1: Switch ON Condition

During this period, rectified vtg is i/p for 1°winding of Flyback T/F. Energy gets
stored in the T/F L,,,, while output diode remains reverse biased.

Fig. 5.2: Flyback PFC mode 1 Circuit diagram

Applying Kirchhoff’s Voltage Law (KVL):

diy,
m—l =V, 5.8
it (5.8)
Thus: di v
Zp mn
- 5.
dt Ly, (5:9)

5.3.2 Mode 2: Switch OFF Condition

During the OFF interval, the transformer winding polarity reverses. The energy
from L,,,, is transferred into secondary side through output diode.

MOSFET off

| T

Fig. 5.3: Flyback PFC mode 2 Circuit diagram
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Applying KVL:
di N,
L,—2=--2V, 5.10
dt N (5-10)
Thus: i NV
p pVo
—_— = 11
dt NL,, 1)
5.3.3 Avg State-Space Model
The averaged inductor current equation becomes:
di, N,
m_:D‘/;n_ 1—-D _p‘/o 5.12
Similarly, the averaged capacitor voltage equation is expressed as:
dv N, V.
o— = (1 — D)0, — = 5.13
C dt ( )Np Zp R ( )

The corresponding averaged state-space representation is therefore given by:
(5.14)

. (1-D)N,7 .
¥ {Zp] T r”] + {%] Vi
dt |ve o, s — T o 0

The averaged model represents behavior & forms basis of controller design and

stability analysis.

5.3.4 Small-Signal Modelling

For transient analysis, perturbations & linearisation are performed

Converter variables are represented as:
iy =Ip+ iy, =Vo+od=D+d (5.15)
where
* Ip,Vo and D represent steady-state quantities.
'fp, b, and d represent small perturbations.
Inductor current equation becomes:
di, N, N, Vo -
m— = —(1 — D)=29, P =d 5.16
dt ( )NSU + NS ( )
Similarly, the capacitor voltage equation becomes[23]:
d@o N, s% N, s] P 3 @o
Co—=01-D)—1, — ——d — — 5.17
TS AL S (-17)
50
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5.3.5 Design calculations

Duty Ratio Calculation
Maximum i/p AC vtg is calculated using:

Vintok) = V2Vin(rms) (5.18)
Substituting the input voltage:
Vinoky = V2 x 230 = 325V (5.19)
From the transformer specifications used in the MATLAB/Simulink model:
Ny, 72

— =-—=0.221 5.20
N, 325 (5.20)
The duty ratio is calculated using:
D = L;, (5.21)
Vo + XV,
Substituting the converter specifications:
48
D = = 0.401 5.22
48 +0.221 x 325 (5:22)

Thus: D = 40.1%

Transformer Design Calculation

Flyback relies on specific turns ratio to operate, the turns ratio is derived based
on the voltage swing requirements for the Flyback converter, to ensure that they are
fulfilled. The Flyback transformer contributes to satisfying these requirements.

The entire Flyback depends on its transformer. It is evident that T/F is vital for
working of converter.

Turns ratio used in the simulation model is:

N,

5 _0.221 2
N 0 (5.23)

p

Thus, the approximate transformer turns ratio becomes:
N, : Ny~=45:1 (5.24)

The transformer apparent power rating is selected as: Pqting = 100V A
The primary current is calculated as:

P, 100
I ey = — = . A .2
b= = g5 = 0307 (5.25)
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Similarly, the secondary current is calculated as:

P, 100
AT 08 (5.26)

Tbl. 5.2: Flyback Transformer Parameters

Specifications Val
T/F Rating 100 V A
1°Vtg 325V
2°Vtg 72V
Primary Resistance 0.1Q2

Secondary Resistance 0.0282
Magnetizing Inductance | 900pH
Switching Frequency 50kHz

Magnetizing Inductance Design
The average input current is calculated as:

100
I, = — = 0.307A 5.27
325 (5:27)
Assuming ripple current of 40%:
Al, =0.4 x0.307 = 0.123A (5.28)

The switching period corresponding to 50 kHz is:

1
T = —— _ —9 2
ST B0 108 2K (5.29)

The magnetizing inductance is calculated using:

_ Vin DT,

Ly,
Al

(5.30)

Substituting the design values:

325 x 0401 x 20 x 10-¢

Loy
0.123

(5.31)
Thus: L,, ~ 0.85mH
For practical implementation, the magnetizing inductance is selected as: L,, = 900uH
Output Capacitor Design
The output current is calculated as:
100

I,=— =2084 5.32
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L) @ Assuming allowable output voltage ripple of 2%:
AV, = 0.02/x 48 = 0.96V (5.33)

The output capacitor is calculated using:

1,D
C,=— 5.34
J.AV, 539
Substituting the converter parameters:
2.08 x 0.401
C, = X (5.35)

50 x 103 x 0.96

Thus: C, ~ 17.4uF However, for improved output voltage stability and reduced
low-frequency ripple, the value choose is C,, = 4000 F

5.4 PI Controller Design

For getting stable output & making input current good we use a double loop structure
also known as a loop PI structure. This structure is comprised of the two following
loops [17].

Outer loop makes dc output vtg stable, and it generates a signal which defines how
much current is desired.

Inner loop makes sure input crt to follow the input voltage, enable maximum power
transfer with minimum harmonic generation [17][3]

Fig. 5.4: PI control block diagram

Transfer function of Plis written [18] as follows:

Gpi(s) = K, + K;/s (5.36)

This means we have, K, proportional gain and K; integral gain.

We pick gains so that converter works stablly & it respond quickly & have a small
error when it is running steadily.

Ziegler Nichols Method:

This method involves the Routh-Hurwitz (RH) criteria [3] , from which we will
obtain the ultimate gain, K. By utilizing the auxiliary (even) equation obtained from
the RH criteria and substituting s = jw.., we can determine the critical crossover
frequency, w,,.. From w,,., we can find the ultimate time period:
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2
T, =" (5.37)

wCT‘

Now, for the outer loop, several techniques are utilized determining corresponding
K, and K; values from the system transfer function.

5.4.1 Vtgloop design

The output vtg is monitored constantly and error calculated in ref. of 400 Volts. Voltage
err is fed into PI, that gives current reference [12]:

ep(t) = Vier =V, (5.38)
The ref for crt shaping is,
]ref = vaev + Kw/ev dt (539)

After several tuning iterations, controller gains selected as shown,

Tbl. 5.3: Voltage Loop PI Gains

Gains | Val
K, 0.08
K; 0.05

Gain values chosen offer:

» Steady output voltage regulation
* Less overshoot

* Better settling time

+ Steady DC bus voltage at 400 V

5.4.2 Current Loop design

- o This loop 1s to make the input crt to follow input vtg. Error calculated from inductor
crt & refert [17]:

ez(t) = lpef — IL (540)
Required duty is give ny,

where d(t) represents duty control signal.
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The PWM pulses are synthesized, compring controller signal with a high-freq.
waveform.[3]

The current loop gains were tuned so as to produce good current tracking, low
harmonic distortion, and stable working. Selected gains after tuning,

Tbl. 5.4: Current Loop PI Parameters

Gain | Val
K, |0.125
K; 4.5

To limit duty ratio into the maximum allowed working region, and to prevent the
wind-up of the controller in transients, a saturation block is used and positioned after
the current controller.

The applied two-loop PI control structure provides:

» Smooth regulation of 400V output voltage

Well-shaped current sine wave

Lower THD

* Nearly unity power factor

5.5 Simulation Results

I/p Vtg & Crt

Input voltage

/\ /\ /\ /\ /\ /\ /\

TN SN NN
o NSNS N NN

-400

400

Voltage

Time
Input current

Current
[ R A I N

1.52 154 1.56 1.58 16 162
Time

Fig. 5.5: I/p Vtg & Crt waveform of Flyback PFC
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Transformer input voltage B [%7 signal Statistics ax
- Value Time
Max 3.233e+02 1.675
WO LT L T T e v -3.5400+02 1.675
Peak to Peak 6.773e+02
200 A T A AR T A A | Mean -1.9708+00
Median 4.094e-01
00| - o H . = RMS 2.125e+02
@ * ¥ Bilevel Measurements X
g0 P Settin,
3 4 gs
= ¥ | ¥ Transitions
-100
High 1.606e+00
Low -2.084e+02
200 Amplitude 2.100e+02
+ Edges 8802
L B 2A A A AL A A A DA + Rise Time 689.273 ns
+ Slew Rate 396.799 (Jus)
-400 - Edges 8802
- Fall Time 329421 ns
158 1.6 162 164 166 168
Time - Slew Rate -548.946 (/us)
Fig. 5.6: T/F I/p Vtg waveform of Flyback PFC
Transformer Input Current
Transformer input current & 77 signal Statistics ax
35 Value Time
Max 3.015e+00 1.715
Min -6.727e-02 1.730
Peak to Peak ~ 3.082e+00
Mean 4917e-01
Median 5772e-03
RMS 9.029-01
# 7 Bilevel Measurements ax
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High 1.643e+00
Low 9.777e-03
Amplitude 1.633e+00
+ Edges 6825
+ Rise Time 2.864 ps
+ Slew Rate 1.274 (Jps)
- Edges 6825
- Fall Time 548.934 ns
163 1.64 1.65 1.66 1.67 1. 68 1.69 17 171 172 173 _ Slew Rate -2.437 (/us)
Time
Fig. 5.7: Transformer I/p Crt of Flyback PFC
Output Voltage
Output voltage B 7 v signal Statistics 7 x
Value Time
501 Max 4.867e+01 1.857
AVAAAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA VAVAVAVAVAVAVAVAVAVAVAVAVAVAV Y Min 4 7046+01 1712
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> [IRAY
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156 16 165 17 175 18 1.85 19
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Fig. 5.8: O/p Vtg of Flyback PFC
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Load Current

Load current * ¥ Signal Statistics ax
T T
Value Time
Max 2.116e+00 1.847
A A A A A A A A A A YA AYAYAYAYAYAYAYAYAYAYAYAYAYA
2 a Min 2.045e+00 1.712
Peak to Peak  7.093e-02
Mean 2.081e+00
Median 2.082e+00
e RMS 2.081e+00
= * ¥ Bilevel Measurements »x
2 I
‘L:; 1 |+ |»Settings
+ | ¥ Transitions
High 2.115e+00
Low 2.046e+00
0s Amplitude 6.881e-02
+ Edges 24
+ Rise Time 2.761 ms
o T T = + Slew Rate 19.937 (/s)
- Edges 24
I I | | .
165 17 175 18 - Fall Time 2.864 ms
Time - Slew Rate -19.223 (/s)

Fig. 5.9: O/p Crt of Flyback PFC

Total Harmonic Distortion

Fundamental (50Hz) = 0.766 , THD= 5.12%
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Fig. 5.10: Total Harmonic Distortion analysis of Flyback PFC

THD = 5.12% and Power factor = 0.99

5.6 Conclusion

Thus it is observed that Flyback PFC attains better power factor as it has low THD in
DCM mode. It can be only used for low power rated applications
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CHAPTER 6

FULL BRIDGE CONVERTER

6.1 Introduction

To achieve power delivery for the rapidly growing demands of high-power EV
charging, it is necessary to design highly efficient isolated DC-DC converters capable
of changing high to low vtg, regulated dc with acceptable efficiency & reliability. Out
of several topologies of isolated converters, FBC is better for mid to high rated range
because it has higher power handling, better transformer utilization, suitable for high
frequency switching[1].

FBC comprises four power semiconductor switches configured in a bridge, a high-
freq isolation T/F, rectification stages, & o/p filter components. FBC transforms i/p dc
to high-freq ac using bridge inverter stage which is transferred through transformer and
is rectified to the desired regulated DC voltage. [25] The Fuller bridge offers superior
transformer utilization and reduced semiconductor device voltage stresses over the half-
bridge and push-pull configurations. Because entire i/p vtg present in T/F 1°, Fuller
bridge is appropriate for high rated applications.[3] [4]

Full Bridge has following advantages:

* High power handling capability

* Transformer isolation

* Higher transformer utilization

» Lower voltage stress on switches

» High frequency switching capability

But design requires correct controller tuning and parameter setting for stable oper-
ation and best transient performance. The analysis for operating principles, mathemat-
ical model is done here.

6.2 Converter Topology and Operation

Once the first stage boost PFC generates a regulated 400V DC bus from the low
voltage AC input, the full bridge converter takes the 400V and down-converts it to
48V to feed the load, and also provides isolation btw o/p & i/p. In this project, FBC
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must produce a regulated 1000W DC o/p from a high vtg bus supplied by 1%‘stage. A
switching frequency of 50kHz is used to allow for small transformer sizes and small
passive component sizes, which would be of importance when implementing a real
power supply.[3] [4]

i

L

S1 _=io

Vin CD ¥l

Sy _5jo, 5:£3l}:

Fig. 6.1: FBC ckt Diagram

FBC basically contains power electronic circuit with 4 switches in “H” config. FBC
process the i/p & gives an o/p with controlled magnitude & polarity using pulse-width
modulation. Whether o/p vtg is increased or decreased depends upon toplogy & other
factors.

FBC usually in practice used with T/Fs & filtering components to form isolation
FBC topology’s merits: can accept high i/p vtg, high o/p crt, and low power stress on
the switches. Since it is isolated,grounds of i/p & o/p independent, thus eliminating
ground loops and increasing safety[1].

Tbl. 6.1: Specs of FBC

Specs Symbol Val
I’'p Vtg Vin 400 V (rms)
O/p Vtg V, 48V
Power P, 1kW
Load Resistance R 2.3Q
Inductor L, 200uH
Capacitor c, 2200 F
Switching Frequency fs 50kHz

The Full Bridge converter works like this. The switches are turned on in pairs
together. Pairs are diagonally opposing switches.

When S; and Sy are ON for 1% half of switching cycle then we have positive i/p
vtg across 1°winding

Other half switching cycle turn on switches S5 and S3 which will reverse the pri-
mary voltage and we have the negative i/p vtg across 1°. The output of the 2°wdg is
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then inverted into a DC voltage by the output diodes which are filtered out for o/p vtg
from FBC using an output LC filter.

6.3 Mathematical Modeling and Design Calculations
6.3.1 Mode1

]i.n
-

+ i i[.ln
¥in CD V1 I'm

S | D, S:_E}D-; Vi

o 22 6.1
T = (6.1)
Apply KVL,
Vpm = Uin (62)
diLm Vin
= 6.3
dt L,, (6.3)
And,
VL = Vg — Vo (6.4)
From 6.1,
diL n (Yo}
==y, — — 6.5
i L L 65)
Apply KCL,
i, =1 + i (6.6)
dUC iL (Ye!
v _ £ _C 6.7
dt C RC 6.7)
67 6.3.2 Mode 2
Apply KVL,
—ULm + Vin = 0 (68)
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i
S o S D'f
1 b 111 1:n ip_:
-|—r iL,ru " "I
Vin C :} V] L. ‘l Va
. . n &t
Sy D, S: I, ‘:‘3 D
ipg
Fig. 6.3: Ckt Diagram of FBC 2nd Mode
dipm
=0 6.9
®0 diy, o ~Ve
— = 6.10
dve mlm VO (6.11)
d¢ C RC '

6.3.3 Mode3

Vin ©

o 3 (6.12)
1 n
Apply KVL,
—VULm = Vin (613)
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d'l.Lm Vin
=— 6.14
dt L, (©6.14)
And,
v, = —vs — g (6.15)
From equation 6.12,
d’iL — n Vo
Applying KCL,
i, = 1c + i (6.17)
d’UC iL (Ve
- _ = 6.18
dt C RC (6.18)
6.3.4 Mode4
i
S D, S Dy
A 31 ]11 1:n iy.:
+.— iLru " "I
“o Cony g
. . n ¢
54 D‘; 51 D; ":-3 Dﬁ
ips
Fig. 6.5: Ckt Diagram of FBC 4th Mode
Apply KVL,
digm
= 6.19
g = (6.19)
And,
dizg _ _vc
S —— 6.20
dt L (6.20)
On applying KCL,
d’UC — iL Vo
== = 6.21
dt C RC (6.21)
6.3.5 State Space Average Model
Averaging of equations 6.3, 6.9, 6.14 and 6.19
—di ij dzim 7 Vin 7 Vin
2d 2(1—d =d— —d 6.22
a PRUmd s =d Ay (6.22)
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6.3.6 Small Signal Analysis
Adding perturbations in equation 6.25 [25],

2Ly L D— d —
Wi ;

Adding perturbations in equation 6.27,

dVe

e oo s

d @ RO E"Ra

¢

Comparing DC terms in LHS and RHS in equation 6.28,

Comparing DC terms in LHS and RHS in equation 6.29

Page 84 of 119 - Integrity Submission

%zomce,h:o
o L Vo
dt C RC
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(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)
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v
I =5

Comparing small signal terms in equation 6.28,

diy, dc  Vipn -
— = 4
dt L L d( 0)

Comparing small signal terms in equation 6.29

dvc i, V¢

— == - 41
dt C RC (41)
6.3.7 Design Calculations
Duty Cycle(D):
T/F turns ratio obtained is:
N, 57
= —=—=0.1425
"IN, T 00
Vtg ratio is:
Vo =2nDViy,

Duty ratio is therefore calculated as:

Vv,
D =
2nVi,

Substituting the converter specifications:

48

D= 0qas a0~

Thus: D=42.1%
Transformer Design Calculation
T/F turns ratio selected from the MATLAB/Simulink model is:

57

= —=10.1425n =4 =0.142
100 0.1425n 0057 = 0.1425

n

Thus, the approximate transformer turns ratio becomes:

N,: Ny=T:1

Submission ID trn:oid:::30110:141243871

(6.34)

(6.35)

(6.36)

The transformer apparent power rating selected for the converter is:

Prating = 1200V A
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I°crtis: 1000
I,=—— =254
400
2°crt is :
1000

I, = ——=20.834
48

The choice of magnetising inductance is actually very important as this is the value
ofthe quantity that provides the transformer with its flux when the transformer is operat-
ing. From the analysis of passing through the magnetising inductance one can state that
with increasing of the value of magnetising inductance there would be the increasing
of magnetising current which results in decreasing of core losses in the transformer.[1]

From the analysis of T/F, it can be concluded that the choice of magnetising in-
ductance affects the following factors: Magnetising current magnitude, Transformer
efficiency, Saturation & Stability of full bridge converter.

Speaking about magnetising inductance it is necessary to say that the latter performs
some function in the transformer and that magnetising inductance is the factor that
provides the transformer with flux. As mentioned above, the choice of magnetising
inductance is very important as without it the transformer could not operate properly.

The transformer parameters used in the simulation are summarized in table 6.2

Tbl. 6.2: T/F Parameters

Parameters Val
T/F rating 1200 V A

1°Vtg 400 V

2°Vtg 57V
Primary Resistance 25mf2
Secondary Resistance 10m<2
Magnetizing Inductance omH
Switching Frequency 50kHz

Output Inductor Design
The output current is calculated as:

1000
I, =——=20.834A
48

Assuming ripple current of 20%:

Al =0.2 x 20.83 =4.16A

The switching period corresponding to 50 kHz is:

1
T - —39
ST o x 108 20w

65

Page 86 of 119 - Integrity Submission Submission ID trn:oid:::30110:141243871



z'l_.l turnitin Page 87 of 119 - Integrity submission Submission ID _ trn:0id::30110:141243871

The output inductance is calculated using:

(nVin, — Vo) DTy

Lo =
AlL

Substituting the values:

(0.1425 x 400 — 48) x 0.421 x 20 x 10~°
4.16

L, =

Thus: L, ~ 91 H For practical implementation: L, = 200uH
O/p Capacitor Design
The allowable ripple is 1%.

AV, = 0.01 x 48 = 0.48V

The output capacitor is calculated using:

 I,DT,

Co AV,

Substituting the converter parameters:

~20.83 x 0.421 x 20 x 10

Co
0.48

Thus: C, ~ 366uF For improved output voltage stability and reduced ripple, the
capacitor value is selected as: C, = 2200uF

6.4 PI Controller Design for FBC

It is responsible to keep o/p vtg stable.This control makes o/p vtg waveform be good..

Voref  +
—»@ | PI
Vo

Fig. 6.6: PI control block Diagram

h 4

PWM —

Transfer function of Plis written [18] as follows:

Gp[(S) = Kp + KZ/S (637)

This means we have, K, proportional gain and K; integral gain.

We pick gains so that converter works fine & respond quickly & have a small er-
ror when it is running steadily. The PI controller gains are very important, for the PI
controller.
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The output vtg is monitored constantly and error calculated in ref. of400 Volts. Voltage
err is fed into PI, that gives needed duty [12]:

eu(t) =

‘/ref_‘/o

(6.38)

After several tuning iterations, the voltage loop PI controller gains are selected as

Tbl. 6.3: Voltage Loop PI Parameters

Gain

Val

Kp

0.1

Ki

1

6.5 Simulation Results

PWM Pulse

Stands4
T

i |

08— —

© 06— -

2

Q04— —

02— —
0

I | | | | | | | |

112722 1.12724 112726 1.12728 11273 1.12732 112734 142736
Time
S2and S3
T

1 ~

08 .
306
& 04

02 4
0

[ I [ 1 | I | 1
142722 1.12724 112726 1.12728 1.1273 112732 112734 1.12736
Time

Fig. 6.7: PWM Pulse of FBC

T/F Ip Vtg

Transformer input voltage B [77 signal Statistics ax
T T T
Value Time
00 j—yp—— p— p— — f— — f— — — f— — Max 3.976e+02 1613
Min -3.976e+02 1613
300 Peak to Peak  7.952e+02
Mean 1.436e+01
200 Median 3.972e+02
RMS 3.974e+02
100
[ # ¥ Bilevel Measurements 2x
<3
£ or £ |» setiings
= ¥ | ¥ Transitions
oor High 3.936+02
Low -3.936e+02
200}~
Amplitude 7.872e+02
+ Edges 12
300
+ Rise Time 792.334 ns
awb = LJ LJ LJ LJ LJd LJ LJ LJ L L) L + Slew Rate 794.828 (/us)
- Edges 13
L L L L . - Fall Time 792.334 ns
161315 16132 e 1.61325 16133 16135 || e Rate 704.898 (us)

Fig. 6.8: T/F I/p Vtg of FBC
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T/F I/p Crt

Submission ID

Transformer Input Current @[3 signal Statistics L
Value Time
' Max 3.055e+00 1697
8 Min -3.056e+00 1.696
Peak to Peak  6.111e+00
6 Mean -3.880e-02
4 Median -2.683e+00
AN d N a W a N a N a N a W a N a R a N a N a N aNa e NaPa VaNaNa Fala RuS 2.873e+00
= ¥ ¥ Bilevel Measurements X
E E 4 Seﬂlngs
B » | ¥ Transitions
NNNNNNNNNNNNNNNNNNNNNNY High 2.780e+00
-4 Low -2.903e+00
- Amplitude 5.683e+00
+ Edges 22
8 + Rise Time 792.316 ns
+ Slew Rate 5.739 (fus)
i - Edges 22
- Fall Time 792.316 ns
1.6963 1.69635 1.6964 1.69645 1.6965 1.69655 1.6966 1.69665
Time - Slew Rate -5.739 (fus)

Fig. 6.9: T/F I/p Crt of FBC

O/p Vtg

Output Voltage & (77 signal Statistics ax
Output Voltage Value Time
] Max 4.850e+01 1.313
Min 4.7940+01 1.308
| Peak to Peak 5 6386-01
Mean 4.832¢+01
Median 4.841e+01
RMS 4.832e+01
o #7 Bilevel Measurements X
g ¥ | » Setiings
> % | ¥ Transitions
© High 4.841e+01
Low 4.805e+01
Amplitude 3.552e-01
+ Edges 1
1 + Rise Time 798.863 s
> + Slew Rate 355.676 (/s)
- Edges 0
11 12 13 14 15 16 17 18 -FalTme -
Time - Slew Rate -
Fig. 6.10: O/p Vtg FBC
O/p Crt
Load Current B [7 v signal Statistics %
Current Measurement Value Time
® Max 2.1096+01 1313
P Min 2.084e+01 1.308
Peak to Peak  2.451e-01
2 Mean 2.101e+01
Median 2.105e+01
9 RUS 2.101e+01
1z ? J 7 ¥ Bilevel Measurements X
gzu E » Settings
© ¥ | ¥ Transitions
High 2.105¢+01
19.6 Low 2.089e+01
Amplitude 1.544e-01
! + Edges 1
185 + Rise Time 798.863 ps
+ Slew Rate 154.642 (/s)
18 - Edges 0
11 12 13 14 15 16 17 - Fall Time -
Time - Slew Rate -

Fig. 6.11: O/p Crt FBC
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6.6 Conclusion

Thus FBC, suited in medium rated uses. It provides isolation also. The simulation
results showed a correct operation of bridge, transformer excitation, and voltage reg-
ulator stability. On the other hand, due to hard-switching, increased device stresses,
switching losses of converter, and hence a relative lower efficiency compared to some
more advanced soft switching topologies.
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CHAPTER 7

PSFB

7.1 Introduction

The switching losses in traditional Hard switched Full Bridge converter are higher
especially for higher power level with an increased EMI as the power level grows
higher. Hence soft-switching converter topology is more popularly used for modern
EV charging application.[15] [16]

Among different types of soft-switching topology PSFB is preferred among others
to handle power from medium to high level isolated DC-DC conversion with a better
efficiency with low switching stress and Zero Voltage Switching (ZVS) ability.[15]

PSFB has 4 semiconductor swtches that are operated in full bridge config, a high
freq isolation T/F, rectification, filter circuit & control circuitry. In PSFB, vtg regulation
is done by phase shifting angle of 2 bridges & also ZVS can be achieved.

In PSFB swtches are switched ON under zero voltage, therfore losses while switch-
ing is reduced & thus efficiency is increased. A reduction in switching stress also results
in good thermal characteristics with operation in higher frequency.

Here PSFB is designed & analysed for de-de conversion of 400 VDC into 48 VDC
regulated for the purpose of EV charging at 50 kHz switching frequency.PI control
implemented for this PFC to control o/p vtg.[16]

PSFB merits are listed below:

* ZVS
» Low switching losses
 Higher converter efficiency

* Lower electromagnetic interference

Isolation with Transformer
* High power density

However careful selection of phase shift angle and transformer parameter is crucial
for soft switching of the devices and operation of converter under variable loads.

In this chapter the operating principle, modeling, design calculations and controller
design for PSFB converter have been carried out.
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7.2 Converter Topology and Operation
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It is a more complex topology in the PSFB converter. It has wide range of appli-
cation in high rated uses because it has soft-switching capability & better efficiency of
conversion. The secondary°vtg of high frequency transformer is then filtered by the

output LC filter.[15] [16]

D ® @ o
1:n ZFDL D3 ic
RS E
S, @ s, @ D, D,
- 6 Fig. 7.1: Phase Shift Full Bridge Converter Circuit Diagram
The specifications of PSFB are given in tbl 7.1.
Tbl. 7.1: Specs of PSFB
Specs Symbol Val
I/p Vtg Vin 400 V (rms)
O/p Vtg V, 48V
Power P, 2kW
Load Resistance R 1.1520
Inductor L, 1mH
Capacitor C, 3300uF
Switching Frequency fs 50kHz

g

PSFB has 4 semiconductor swtches that are operated in full bridge config, a high
freq isolation T/F, rectification, filter circuit & control circuitry. In PSFB, vtg regulation
is done by phase shifting angle of 2 bridges & also ZVS can be achieved.

- @ * Mode 1: This is the positive power transfer interval.

Swtches S1 and S4, ON-ed at a time. The i/p vtg given across 1°of the T/F. It is
applied positively. Source transfers energy via T/F & rectification to load.

* Mode 2: this is the freewheeling interval.

Here, swtches that make up a bridge leg ON-ed at a time. As no vtg given to 1°ofthe
T/F, stored energy allows crt through load to remain constant. This Mode 2 is useful
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in obtaining zero voltage switching as the switch capacitances are discharged before
the switching edge is reached. Thus the load still receives energy from mode 2 of the
power transfer.

* Mode 3: This is the negative power transfer interval.

Swtches S2 and S3, ON-ed at a time. The i/p vtg given across 1°of the T/F. It is
applied negatively. Source transfers energy via T/F & rectification to load.

* Mode 4: this is the freewheeling interval.

At this point the transformer gets a break. Its main vtg becomes zero. NOw already
stored energy in coils takes over & helps to keep crt going to load. This energy also
makes sure that the converter switches on and off smoothly.

The converter works better when it switches on and off smoothly and loses energy.
This makes the whole system work efficiently reduces interference with other devices
and keeps the temperature under control. The switching and lower losses, in the con-
verter really improve how well it works overall including its efficiency and how well
it works with other devices and its temperature.

7.3 Mathematical Modeling and Design

The mathematical model for the PSFB converter helps in understanding converter
dynamics, choosing suitable converter parameters and design of the controller. The
PSFB converter uses phase-shift between the bridge legs for realization of soft switch-
ing and hence reducing the switching losses.[27]

7.3.1 Mode 1 Positive Power Transfer Interval

I .
1;
“@ s i paliis

AD, D; i ir

l:n I
+
Va7 Vi| Iy % VLu glg Vi =

I
M

Fig. 7.2: Phase Shift Full Bridge Converter Mode 1

i, 1

= — %V 1
G LU (7.1)
dig, 1 1
= = Vi) = 7 Ve (7.2)
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n= %;, T/F turns ratio.[16, 26]

ip =1c + o
= ic =1 — 1,
dVe 1. 1V,

T % T CR
Vo i Ve
dt C RC

7.3.2 Mode 2 Freewheeling Interval

@ @

.

1
™
+
Vi| Ly é Vi %

“® >

Submission ID trn:oid:::30110:141243871

(7.3)
(7.4)

(7.5)

(7.6)

iR

From [16, 26]

7 turnitin
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Fig. 7.3: PSFB 2nd Mode

Vi=0= Vg, =0

Vo=nV; =0
dz’LM_
dt =0

Vi + VS 0 — e

B

e i Ve
L=le e = T =5 T Re
7

(7.7)

(7.8)
(7.9)

(7.10)
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7.3.3 Mode 3 Negative Power Transfer Interval

iR

Fig. 7.4: Phase Shift Full Bridge Converter Mode 3

Vi = Vi = Vi, = Vi (7.11)

Vo = —nVi, (7.12)

T (Vi) (1.13)

+Vo =V, = Ve =0 (7.14)

V=Vo— Vo= CZ; = _TZW" - % (7.15)
ic+i, =1 = 1tc =1 — zo:m}—czi—L—ﬁ (7.16)

7.3.4 Mode 4 Freewheeling Interval

g

Fig. 7.5: Phase Shift Full Bridge Converter Mode 4
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dir,,

Vi=0=1V,,, =0= o =0 (7.17)
Vo=0 (Va=nW) (7.18)

From [16,26]1 4+ Vo =V, = Ve =0=V, = V& (7.19)
% = _TVC (7.20)

io+i, =i = ic =ip — iy (7.21)

- dc% - % . % (7.22)

7.3.5 Averaged State-Space Model

PSFB avg model got by combining operating intervals over one switching period.
From the equations 7.1, 7.2, 7.6, 7.7, 7.9, 7.10, 7.13, 7.15, 7.16, 7.17, 7.20
and 7.22,
equations 7.1, 7.2, 7.6, & 7.13, 7.15, 7.16, X bydT
equations 7.7, 7.9, 7.10, & 7.17, 7.20, 7.22, X by (1-d)T
= from equations 7.1, 7.7 & 7.13, 7.17;

g 7
M )= M
dt dt

= from equations 7.2, 79 & 7.15, 7.20;

=0 (7.23)

d;L . —V_c 2716?‘/1”

= from equations 7.6., 7.10 & 7.16, 7.22 referred from [26]
Ve i Vo
Lt ¢ 2
dt C RC (7.25)

Averaged model representation is therefore given by:

d Ts 0 1 . 2Dn
= R4 (7.26)
dt vo C_o - RCO /UO 0
The averaged model represents the large-signal dynamics& is useful for designing
controller & stability.[27]
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7.3.6 Small-Signal Modeling
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For transient analysis, perturbations & lineraisation is performed[27].Converter

variables are represented as:
i =1Ip+iv, = Vo +9,d=D+d
where:
» I, Vo and D represent steady-state quantities.
. 1, U, and d represent small perturbations.

Inductor crt equation becomes[27]:

di R
L2 —onv d— o,
dt

Similarly, the capacitor voltage equation becomes[27]:

do, ~ U,
Cw =" R
7.3.7 Design Calculations
Duty Ratio(D):
T/F turns ratio is: N 100
=—2=—"—"=025
"TN, T 00
Vtg ratio of PSFB is:
Vo =2nDViy,
Duty ratio is :
Vs
D =
2nVin

Substituting the converter specifications:

48

2 x 0.25 x 400

Thus: D = 24%
Transformer Design Calculation

T/F turns ratio is:
100

~ 400
Thus, the approximate transformer turns ratio becomes:

n =0.25

N,:N,=4:1
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The transformer apparent power rating selected for the converter is:

P ating = 2000V A

1°crt 1s: 2000
= ——=5A
P 400
2°crt is: 2000
I,.= —— =4167A
48

T/F parameters used are in tbl 7.2

Tbl. 7.2: Transformer Parameters

Parameters Val
T/F Rating 2000 V A
1°Vtg 400 V
2°Vtg 100 V
Switching Frequency | 50kHz

Output Inductor Design
The output current is calculated as:

2000
I, = ——=41.67A
48

Assuming ripple current of 20%:
Al =0.2 x41.67 = 8.334

The switching period corresponding to 50 kHz is:

1
T —— —  —39
ST 0 x 108 20w

The output inductance is calculated using:

(nVin, — Vo) DT
Alj

L, =

Substituting the values:

(0.25 x 400 — 48) x 0.24 x 20 x 107°

L, =
8.33

Thus: L, ~ 300uH
For practical implementation and improved ripple reduction, the inductance value
is selected as:
L, =1000pH
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Output Capacitor Design
Allowable o/p ripple is 1% .

AV, = 0.01 x 48 = 0.48V

The output capacitor is calculated using:

_ I,DT,

Co N

Substituting the converter parameters:

~41.67 x 0.24 x 20 x 10-¢

Co
0.48

Thus: C, ~ 417uF
For improved output voltage stability and reduced ripple, the capacitor value is
selected as: C, = 3300uF

7.4 PI Controller

PSFB is going to use a PI controller for getting stable o/p vtg of the PSFB converter.
PI controller will make sure PSFB works correctly so the output voltage stays at 48V.

Voref  + | | |
ﬁ [ PI | [ PWM |— 111
VYO

Fig. 7.6: PI control block Diagram

It does this by changing & using phase shift, btw bridge legs of PSFB. PI controller
has two parts: the integral and the proportional. These two parts help the PSFB converter
work well when things change.

When the PSFB converter is working steadily there will be no error.The PI con-
troller does a good job of controlling the PSFB converter.The PSFB converter and the
PI controller are a team.The PSFB converter will work properly because of the PI con-
troller.

PI controller tfis[12]:

Gpl(s) = Kp.Ki/s

This means we have:
* K p is the proportional gain
» K iis the integral gain

The phase shift signal that is generated drives the generator that produces the pulses.
L) Q This generator operates at a frequency of SOkHz. The pulses generated by the phase
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shift turn the on and off the pieces of the PSFB converter. Those are in advanced and

in delay.[16]

For generation of the phase-shifted PWM signals, a MATLAB Function block is im-
plemented in the Simulink model. The function generates required PWM signals.[16]
This phase shift controls required duty ratio applied across T/F primary winding,

thereby regulating the converter output voltage.

The PI-controlled PSFB converter presented here has the following advantages:ZVS
, Less losses while switching , Better converter efficiency , Good regulation of the out-
put voltage , Less electromagnetic interference , Good transient characteristics. The
overall PSFB converter is modeled and simulated under MATLAB/Simulink, which is

analyzed.

7.5 Simulation Results

PWM Pulse

S1

H
L
[

S2

Pulse
o

S3

Pulse
°

sS4

Pulse
°

0.60596 0.60598 0.606 0.60602 0.60604 0.60606 0.60608 0.6061
Time

0.606812 0.60614

Fig. 7.7: PWM Pulse waveform of PSFB

Transformer input voltage B (37 signal Statistics X
Value Time
4 Max 3.984e+02 0.611
Min -3.975e+02 0.611
30 Peak to Peak  7.959e+02
Mean -8.906e+00
Median -7.924e-01
RMS 2.978e+02
1
o 7 ¥ Bilevel Measurements X
.
% v | > Settings
> 4 vr .
El
High 3.944e+02
Low -3.935e+02
Amplitude 7.879e+02
-300 + Edges 10
+ Rise Time 4584 ps
I
400 + Slew Rate 137.502 (/ps)
- Edges 11
061062 0.61064 0.61066 0.61068 0.6107 0.61072 0.61074 0.61076 0.61078 06108 0.51082 - Fall Time 5311 ps
Time - Slew Rate -119.594 (/ps)

Fig. 7.8: T/F I/p Vtg of PSFB
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Transformer input current & [5v Signal Statistics ax
15
Value Time
Max 7.068e+00 0944
10 Min -1.400e+01 0.944
Peak to Peak  2.106e+01
™ M\ NN Y TN TN NN Y ™ ™ M Mean -3.452e+00
5 Median -1.220e+01
RMS 1.070e+01
2 7 ¥ Bilevel Measurements 72X
.
% L | » Settings
© v | ¥ Transitions
5 High 6.965e+00
Low -1.38%e+01
Amplitude 2.086e+01
- + Edges 13
Rise Time 857.311 ns.
v +
FAVEVAVE VI VR VEITEVE VI VR V7 el S
" ~Edges 13
- Fall Time 839.094 ns
0.9433 0.94335 0.9434 0.94345 0.9435 0.94355
Time - Slew Rate -19.885 (/ps)
Fig. 7.9: T/F I/p Crt of PSFB
Quiput voltage & [77 signal Statistics 2x
{ Value Time
49
| Max 4.802e+01 0.502
| w Min 4.7976+01 0.499
: Peak to Peak  4.641e-02
Mean 4.800e+01
Median 4.800e+01
7.5 RMS 4.800e+01
o 7V Bilevel Measurements %
1§ >
15 > | > Settings
= * | ¥ Transitions
46.
High 4.800e+01
Low 4.799e+01
Amplitude 1.857e-03
45.1 + Edges 520
+ Rise Time 16.800 ps
a5 + Slew Rate 102.107 (/s)
- Edges 521
- Fall Time: 16.737 ps
045 05 0.55 0.6 0.65 07
{ Time - Slew Rate -103.374 (/s)
Fig. 7.10: O/p Vtg of PSFB
Load current &[5 7 signal Statistics X
Value Time
43 Max 4.168e+01 0.502
Min 4.164e+01 0.499
Peak fo Peak  4.029e-02
@8 Mean 4.167e+01
Median 4.167e+01
p RMS 4.167e+01
< 7 ¥ Bilevel Measurements X
I »
S 418 E » Settings
> | ¥ Transitions
High 4.166e+01
“ Low 4.166e+01
Amplitude 2.014e-03
+ Edges 471
40.5|
| +Rise Time 21.297 ps
+ Slew Rate 86.837 (/s)
40 - Edges 471
05 055 06 0565 07 075 - Fall Time 21.073 ps
| Time - Slew Rate -87.732 (/s)

Fig. 7.11: O/p Crt of PSFB
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7.6 Conclusion

The PSFB was modelled & analyzed. Using phase shift & soft-switching in PSFB con-
verter reduced the switching losses, smoother current transitions and higher efficiency
was observed. Results from simulation shows it provides excellent load vtg regula-
tion, stable power transfer & higher efficiency compared with ordinary FBC. Thus it is
better suitable for high rated isolated DC-DC conversion applications of EV charging
system.[26]
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CHAPTER 8

COMPARATIVE ANALYSIS AND OVERALL
PERFORMANCE OF THE SYSTEM

8.1 Introduction

The efficiency of a given electric vehicle charger highly depends on the charac-
teristics of both front-end PFC and isolated DCDC converters. Hence the analysis of
various converter topologies are being performed to establish best suitable topologies in
chargers. Comprehensive comparative analysis between the simulated PFC converters
& isolated dcde converters are performed & results are in this chapter. The analysis is
being performed based on several performance parameters like efficiency, power fac-
tor(PF), THD, voltage regulation, ripple values, switching characteristic, practicality
of implementation in the EV chargers etc [10, 8].

Three types of PFC topologies that were investigated were Boost, Interleaved boost
& Flyback. Likewise two isolated DC DC converters that were implemented and ana-
lyzed were FBC & PSFB converter.[21, 2].

Simulations were performed systematically and compared on various parameter
like efficiency etc of each converter topologies. Along with that the performance eval-
uation of total EV charging system is being compared so as to find the most efficient,
with better power quality and good voltage regulation and practicability in EV charger
applications.

8.2 Overall EV Charging System configuration

The EV charging system which has been designed and developed has two power con-

L] @ version stages: front end power factor correction stage & dc dc stage. PEC was de-

signed & developed with aim of shaping i/p ac source & delivering high stable output
with ow THD & good power factor. The regulated DC stage provided power to the
second stage of power conversion which was an isolated d.c-d.c converter. This con-
verter received d.c-link voltage as input and delivered the required low-voltage dc for
charging the battery of the EV. Apart from regulating the output dc-dc converter also
provide the safety and isolation for the charger, to separate the battery from source. DC
link cap was utilized to maintain vtg regulated btw the two power stages. With the us-
age of the above mentioned two power stages the charger provides good power quality
and efficient and regulated delivery, power from source to the battery. [10, 8, 21]
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AC source

voltage PFC Converter

h 4

DC link DC-DC converter

O>»0r

‘@ Fig. 8.1: System Block Diagram

Figure 8.1 illustrates the overall configuration of the proposed two-stage EV charg-
ing system considered in this work.

8.3 Overall System Performance Analysis

.@ The operation of combined PFC & isolated DC DC converter for different oper-
ating conditions was simulated.A proper input current shape, and the regulated output
voltage of battery charging process, THD analysis stable DC link vtg were performed.

The AC input crt waveform was almost sinusoidal & follows input. Ripple content
was found to be within acceptable range at desired level 400V. The 2nd stage would
enable regulation of required voltage level.Total efficiency of the charging system is
limited by efficiency of both stages.

8.3.1 Boost PFC with Full Bridge Converter
Using PI Controller

3
i
i

T

;

N s Fig. 8.2: Sim Ckt
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I [3 ¥ signal Statistics ax
- Value Time
Max 8.426e+00 1.505
“ Min -8.432e+00 1.635
Peak fo Peak 1.686e+01
. Mean -9.858e-02
Median -8.420e-02
N RMS 5.397e+00
| E " N * ¥ Bilevel Measurements ax
SAANAAAANANANDANN D 5| sos
N v V V V V V V V V \l + | ¥ Transitions
10 High 7.667e+00
Low -7.673e+00
1.534e+01
- + Edges 14
+ Rise Time 5667 ms
- + Slew Rate 2166 (ms)
- Edges 15
- 1.45 15 1.55 16 165 - Fall Time 5685 ms
Time - Slew Rate -2.159 (/ms)
Fig.8.3: UP Crt
B [3¥ signal Statistics ax
440 Value Time
Max 4.011e+02 1.167
430 Min 3.988e+02 1.342
Peak to Peak  2.298e+00
20 Mean 4.000e+02
Median 4.000e+02
RMS 4.000e+02
410
o 7 ¥ Bilevel Measurements ax
% 400 IMVVAVMNAAAANNNVAANNVAANNNANNANY E » Setfings
z v | ¥ Transitions
R High 4.009e+02
Low 3.990e+02
380 Amplitude 1.885e+00
+ Edges 30
370 + Rise Time 2722 ms
+ Slew Rate 554.130 (/s)
360 - Edges 30
- Fall Time 2.868 ms
115 12 1.25 13 Tin:.gs 1.4 145 15 _ Slow Rate 525,850 (/s)
Fig. 8.4: DC Link Vg
. =[5 ¥ Signal Statistics ax
Value Time
54 Max 4.813e+01 1312
Min 4.774e+01 1.213
52 Peak to Peak 3 983e-01
Mean 4.738e+01
> Median 48048401
48 RMS 4.798e+01
g 7 ¥ Bilevel Measurements ax
Z »
E * | *Seftings
44 AT
High 4.804e+01
2 Low 47836+01
2.111e-01
- + Edges 1
a + Rise Time 1.322 ms
+ Slew Rate 127.745 (/s)
36 - Edges 0
- Fall Time -
115 1.2 125 13 1.35 1.4 145 15 _ Slew Rate -
Time
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25F

15

Mag (% of Fundamental)

05

L | L ‘ L ‘ I | ! | L )

0 I L 1

0 100 200

300

500 600 700

Frequency (Hz)

Fig. 8.6: Harmonic Analysis

T.H.D =2.58% & pf=0.999

Using PR Controller

800 900

3 {8 [% ¥ signal Statistics ax
Value Time
Max 8.276e+00 0.785
N Min -8.4400+00 0875
Peak to Peak 1.672e+01
Mean -1.056e-01
" Median -2.548e-02
\ RMS 5.377e+00
E . . # ¥ Bilevel Measurements ax
‘S E » Seftings
10 LAAT,
High 7.023e+00
Low -7.520e+00
b Amplitude 1.454e+01
+ Edges 6
-0 + Rise Time 5434 ms
+ Slew Rate 2.144 (/ms)
- Edges 7
0.8 0.82 0.84 0.86 0.0 - Fall Time 5441 ms
Time - Slew Rate -2.142 (/ms)
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* ¥ signal Statistics nx
450
Value Time
Max 4.012e+02 0937
440 Min 3.9856+02 0.872
Peak to Peak 2.667e+00
Mean 3.999e+02
420 Median 3.999¢+02
RMS 3.999e+02
;.wu ~ ~— ~— — ~ . * ¥ Bilevel Measurements ax
° e
= ; Seltings
YT
- High 4.0066+02
Low 3.992e+02
360 L 1.360e+00
+ Edges 10
+ Rise Time 1.891 ms
340 + Slew Rate 579.321 (/s)
- Edges 11
- Fall Time 2.017 ms
0.86 0.88 0.8 0.92 0.94
Time - Slew Rate -540.010 (/s)
Fig. 8.9¢ DC Link Vtg
T [77 signal Statistics ax
55 Value Time
Max 4.787e+01 0.999
Min 4.764e+01 0.839
Peak to Peak  2.300e-01
Mean 4.777e+01
Median 4.778e+01
RMS 4.777e+01
S # ¥ Bilevel Measurements ax
s »
g 45 » | > Settings
[ AL
High 4.785e+01
Low 4.775%e+01
40 Amplitude 1.035e-01
+ Edges 1
+ Rise Time 65741 ms
+ Slew Rate 1.259 (/s)
35 - Edges 0
- Fall Time -
0.84 0.88 0.9 992 0.94 0.96 0.98 _ Slew Rate _
Time
Fundamental (50Hz) = 7.517 , THD= 3.11%
T T T T T T
2 .
I
@
£ 15 i
©
°
c
=]
IS
—
© 1r -
=
o
@
=
05 E
0 m L | | | | 1 ‘ | ‘ L | L | I |
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

Fig. 8.11: Harmonic Analysis
THD=3.11% & pf=0.99
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Input current

Max
Min

Mean

—
—
—
I
=
—
—
—
—
—

Median
A RMS

Peak to Peak

¥ ¥ Signal Statistics

ax

Value Time
8.130e+00 1425
-8.009e+00 1615

1.614e+01

8.280e-02
1.165e-02
4.995¢+00

> Seffing

Current
-
—
~ut Y
| =
— 1 |
L=
| =
-~

gs

¥ Transitions

\ 7 ¥ Bilevel Measurements ax

NNV VVVVVV VTV VTV VT e

Low

+ Rise

Time - Slew

Fig. 8.13! Up Crt

Amplitude
+ Edges

Time

+ Slew Rate
- Edges
- Fall Time

Rate

6.758e+00
-6.476e+00
1.323e+01
15

5.180 ms
2.051 (/ms)
14

5.037 ms
-2.108 (/ms)

440

Max

Min

Peak to Peak
Mean

Median

RMS

= [77 signal Statistics

Value
4.011e+02
3.988e+02
2.298e+00
4.000e+02
4.000e+02
4.000e+02

ax

Time
1.167
1.342

AAAAAAAAAAAAAAAAA
VAWV

>

Voltage
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>

&
S
£
<
<
P
<
P
<
<
<
<
<
<
<
<
<
<
p:

» Seffings
¥ Transitions

Yrvvy

* ¥ Bilevel Measurements

ax

High
Low

380 Amplitude

+ Edges
370 + Rise Time
+ Slew Rate
360 - Edges

- Fall Time
- Slew Rate

115 12 125 13 1.35 14 145 15
Time

Fig. 8.14: DC Link Vtg
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Output voltage & [7¥ signal Statistics ax
Value Time
Max 4.804e+01 174
60 Min 4.799%+01 1.951
Peak to Peak  5.123e-02
Mean 4.801e+01
55 Median 4.801e+01
RMS 4.801e+01
@ 50 * ¥ Bilevel Measurements X
=)
% E > Settings
> » | ¥ Transitions
45
High 4.801e+01
Low 4.801e+01
“ Amplitude 7.685e-03
+ Edges 86
+ Rise Time 59.918 ps
35 + Slew Rate 122.792 (/s)
- Edges 87
- Fall Time 50.103 ps
175 18 185 19 195 2
Time - Slew Rate ~129.364 (/s)
Fig. 8.15: O/p Vtg
Fundamental (50Hz) = 7.25 , THD= 2.20%
T T T T T T
1k 4
<
< o8l i
g O
£
©
°
5 06
E L 4
Z o
—
o
X
<04 4
o
©
=
02 ‘ 1
O 1l illi L " . L ! ‘ i L | Lol " |

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 8.16: Harmonic Analysis

TH.D =2.2% & pf=0.99

8.3.2 Interleaved Boost PFC + PSFB
Using PI Controller

«©® Fig. 8.17: Sim Ckt
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Input current T ¥ Signal Statistics 2x
- Value Time
Max 2.415e+01 0.585
Min -2.411e+01 0.555
- Peak to Peak  4.826e+01
Mean 4.030e-01
o N Fay n N N N\ Median 2.552e-02
RMS 1.624e+01
= ¥ ¥ Bilevel Measurements X
% s E » Settings
© * | ¥ Transitions
High 2.343e+01
- N v v vV A\ \vJ Low -2.2136-01
Amplitude 2.365e+01
+ Edges 6
- + Rise Time 3.077 ms
+ Slew Rate 6.152 (/ms)
- Edges 5]
- - Fall Time 3.115ms
0.48 05 052 054 056 058
Time - Slew Rate -6.078 (/ms)
Fig. 8.18! Up Crt
Output voltage B [77 signal Statistics ax
Value Time
480 Max 4.022e+02 1.477
Min 3.981e+02 1.962
460 Peak to Peak  4.123e+00
Mean 4.002e+02
440 Median 4.003e+02
RMS 4.002e+02
420
@ # ¥ Bilevel Measurements ax
é""”” VWAV VMVMAAAAANAAANAANAMAIN WY E »> Settings
> | ¥ Transitions
= High 4.017e+02
Low 3.984e+02
360
Amplitude 3.258e+00
+ Edges 48
340
+ Rise Time 2.548 ms
220 + Slew Rate 1.025 (/ms)
- Edges 49
- Fall Time 2733 ms
15 155 16 1.65 17 175 18 1.85 19 195
Time - Slew Rate -954.696 (/s)
Fig. 8.191 DC Link Vig
Output voltage E 7 ¥ signal Statistics ax
- Value Time
Max 4.813e+01 1.167
56 Min 4.797e+01 1.703
Peak to Peak  1.608e-01
| 54 Mean 4.805e+01
Median 4.804e+01
| RMS 4.805¢+01
o - * ¥ Bilevel Measurements ax
% 48 E > Settings
= + | ¥ Transitions
46
High 4.809e+01
44 Low 4.800e+01
Amplitude 8.674e-02
42 + Edges 1118
0 + Rise Time 93.315 s
+ Slew Rate T47.727 (/s)
3 - Edges 1119
- Fall Time 92.785 ps
11 12 13 14 15 16 17
Time - Slew Rate -751.957 (/s)
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Fundamental (50Hz) = 23.62 , THD= 2.03%
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Using PR Controller

100

200

30

0

400 500
Frequency (Hz)

600

700 800

Fig. 8.21: Harmonic Analysis

T.H.D =2% & pf=10.999

Input current

900
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7 ¥ Signal Statistics ax
Value Time

Max 1.818e+01 0.625

Min -1.855e+01 0615

Peak to Peak  3.673e+01

Mean -1.398e-01

Median -1.998e-02

RMS 1.256e+01

# ¥ Bilevel Measurements ax

» Settings

¥ Transitions

High 1.763e+01

Low -1.800e+01

Amplitude 3.563e+01

+ Edges 9

+ Rise Time 5.889 ms

+ Slew Rate 4.840 (/ms)

- Edges 10

- Fall Time 5.849 ms

- Slew Rate -4.873 (/ms)
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Output voltage B [77 signal Statistics ax
Value Time
- Max 40186+02 0517
Min 3.981e+02 0.482
440 Peak to Peak 3.714e+00
Mean 4.000e+02
420 Median 4.001e+02
RMS 4.000e+02
2400 AAAAAAS A AAAAS # ¥ Bilevel Measurements ax
-
% » | > Seftings
> % | ¥ Transitions
High 4.015e+02
Low 3.984e+02
bt Amplitude 3.045e+00
+ Edges 21
340 + Rise Time 2.700 ms
+ Slew Rate 903.569 (/s)
- Edges 20
= - Fall Time 2.865 ms
055 06 0.65 07
Time - Slew Rate -851.920 (/s)
Fig. 8.241 DC Link Vig
Oulput voltage = [7 7 gignal Statistics ax
Value Time
Max 4.815e+01 0748
50 Min 4.801e+01 0.942
Peak to Peak  1.428e-01
Mean 4.808e+01
- Median 4.808e+01
RMS 4.808e+01
4 —
o ¥ ¥ Bilevel Measurements nx
=3
% E » Seftings
> a7 LT i
High 4.813e+01
Low 4.803e+01
46
Amplitude 9.424e-02
+ Edges 364
45 + Rise Time 104.261 ps
+ Slew Rate 726,645 (/s)
- Edges 364
“ - Fall Time 103.692 s
078 08 082 0.84 0.86 088 09 092 0.94
Time - Slew Rate -730.573 (/s)
Fundamental (50Hz) = 17.67 , THD= 3.02%
3 T T T T T T 3
25 1
©
=
g 2 .
£
©
°
c
T 15 1
—
©
2
o | ]
@
=
05 1
0 | I | i I ‘ I | L | TR BRI
100 200 300 400 500 600 700 800 900 1000

T.H.D =3% pf=0.99
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Fig. 8.26: Harmonic Analysis
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Tbl. 8.1: Overall Performance Comparison of Converter Topologies

Parameter | Boost PFC | Boost PFC | Boost PFC | IBC with | IBC with
with PI + | with PR + | with Lya- | PI + PSFB | PR+ PSFB
FBC FBC punov  +

FBC
1 26 Power Fac- | 0.99 0.99 0.999 0.999 0.99

tor

THD 2.58 3.1 2.2 2 3

Isolation Yes Yes Yes Yes Yes

Efficiency | 85% 83% 91% 87% 91%

EV Charger | Good Good Excellent Good Excellent

Suitability

8.4 Comparison of PFC Converters

Boost PFC showed good voltage regulation, reasonably efficiency & unity power
factor. However, ripple in crt & vtg is more at high power operating conditions. [15]

[21]
L) @ Tbl. 8.2: Comparison of PEC Converter Topologies
Parameter Boost PEC Interleaved Boost Flyback PEC
PFC
I/p Vtg 230 rms 230 rms 230 rms
O/p Vtg 400 400 400
Power Factor 0.99 0.998 0.98
THD 2.2 1.8 5.1
Efficiency (%) 95% 94% 85%
Output Voltage Ripple Moderate Low Moderate
Input Current Ripple Moderate Very Low High

The IBC was better than boost. As there is multiple number of phases operate in
interleaved mode, ripple in crt & vtg is low & good current sharing happened as well
as the temperature of devices are distributed much better. Therefore IBC is best suited
with high power EV charging.

The flyback PFC converter gives the benefit of galvanic isolation and circuit con-
figuration is relatively simple. However, due to operate in the DCM, the current ripple
and the harmonics distortion is more than boost based PFC converter, it is suitable for
the low & medium rated charger.
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8.5 Comparison of DCDC Converters

Isolated DCDC conversion was successfully achieved by the FBC with o/p vtg reg-
ulation at medium level applications.system was found to work effectively with good
power handling capacity. However, hard-switching operation results in more switching
losses and device stresses than the soft-switching systems.[19] [15]

Tbl. 8.3: Comparison of Isolated DCDC Converters

Parameter FBC PSFB
I/P Vtg 400 400
Output Voltage 48 48
Power Rating 1 kW 2 kW
Transformer Isolation Yes Yes
Efficiency (%) 86% 91%
Voltage Regulation Good | Excellent
High Power Suitability Good | Excellent

Compared to FBC, PSFB was superior. Phase shift control mechanism in PSFB
enables smooth transitions and soft switching. This significantly reduced the switching
loss in the switching elements and improved efficiency compared to hard-switching
systems. It was also shown to exhibit much less switching stresses and enhanced high
power performance.

PSFB converter exhibits better efficiency and dynamic performance based on sim-
ulation which leads it as an excellent application in high power isolated EV charging
system.

8.6 Conclusion

This Chapter presented the comparative study and total efficiency analysis of above
mentioned converters. Presented simulation results, all designed converters were per-
forming their operation as designed with the operating condition. Among all the studied
PFC topology, Interleaved Boost PFC showed better overall characteristics with lower

- m ripple, harmonic characteristics and power capability. For the studied isolated DC-DC

converter, PSFB converter showed better efficiency, less switching loss and achieved
soft switching. For combined EV charging system with IBC and PSFB converter, sys-
tem showed steady state condition, high power quality, high efficiency for application
in advanced EV charging system.

93

Z"—.I turnitin Page 114 of 119 - Integrity Submission Submission ID _ trn:oid:::30110:141243871



7) turnitin

=

* @

»O

7) turnitin

Page 115 of 119 - Integrity Submission

Page 115 of 119 - Integrity Submission

CHAPTER 9

CONCLUSION, FUTURE SCOPE AND SOCIAL IMPACT

9.1 Conclusion

In this thesis, the designs, models, control and comparison of three types of PFC
converters and two types of isolated DCDC converters for EV charger application has
been analyzed and the goal is to provide with good power quality and power transfer
with efficiency and reliable power transmission via appropriate selection of converters
and appropriate control of converters.

First three types of PFC converters such as Boost, IBC & Flyback topologies are
modelled & simulatred. From results it is shows that the Boost PFC give adequate
regulation in vtg as well as less harmonics, so power factor is improved, hence it is
useful for medium rated applications. But IBC has very less ripple in crt & vtg, which
means it is suitable for higher power applications, & it gives with smooth input current
also. Flyback PFC provides galvanic isolation and its power factor correction ability
and performance were less in comparison with boost PFC as it works on DCM and
harmonic is relatively more.

Next converters such as FBC & PSFB have been modelled, simulated and analyzed.
FBC could be suits for medium and slightly high power levels with proper selection
of converter topology, and good voltage regulation is achieved by this topology.Major
drawbacks of FBC were the large switching loss occurring during the hard switching
operations. For PSFB converter with phase shifted control, soft switching is achieved
which considerably reduces the switching loss than FBC, thus good voltage regulation
is provided at high power level. Results shows that PSFB gives a better performance
than FBC.

Overall, all the converters are compared on the basis of efficiency, power factor,
ripple content and voltage regulation. Among the input PFC stage, boost PFC with
Lyapunov controller shows better results & also interleaved boost converter gives the
best performance since the input current is practically without ripple and harmonic free.
PSFB shows a better efficiency compared to FBC. Hence, entire system comprising of
boost PFC with Lyapunov + FBC & IBC + PSFB showed better overall performance
with good voltage regulation and higher power quality.
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9.2 Future Scope

Despite the acceptable simulation performance of the presented EV charging sys-
tem, a number of future research and extension issues have been identified.

The proposed converter topologies should be implemented on the hardware plat-
form so that practical results can be obtained & compared with results from simulation.
Based on implemented system, extensive experiment could be conducted on the switch-
ing losses, thermal performance, EMC interference, components tolerances, etc.

The presented charging system could also be extended for bidirectional power flow
for V2G and V2H purpose. So that EV battery could be used for the smart energy
management or grid support services.

Further studies may be made to employ [8]WBG semiconductor devices such as
SiC or GaN [8] switch to realize high frequency and smaller size power converter as
well as high efficiency system performance.

Also, a comprehensive design can be developed on a renewable energy assisted
system. For example a photovoltaic or battery energy storage system coupled with the
developed EV charger, to build a sustainable and energy-efficient charging infrastruc-
ture.

Based on the above studies and results of this thesis, it is reasonable to draw conclu-
sion that a high performance EV charging system based on the proposed circuit topol-
ogy and control scheme has been designed and successfully simulated, which also has
great potential on further research and implementation on the hardware platform.
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