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Abstract

This dissertation proposes a bidirectional chopper with a single full-bridge auxiliary con-
verter (BCSAC) for the utilization of battery energy storage system (BESS) in electric
vehicles (EVs). The BCSAC is a particular case of the bidirectional chopper with an aux-
iliary converter (BCAC), composing of a bidirectional chopper as the main converter, an
auxiliary converter made of single-phase full-bridge cells connected in cascade, and an in-
ductor. By functioning the auxiliary converter as an active power filter, the BCAC allows
the reduction of the switching-ripple current of the inductor, which consequently reduces
the inductance value of the inductor and its associated volume. Meanwhile, the application
of a single auxiliary converter of the BCSAC aims to mitigate the significant power loss and
cost issues that comes with the usage of an auxiliary converter with multiple cells in the
BCAC. To evaluate the performance of the proposed BCSAC and its efficacy, theoretical
analysis is conducted on the switching-ripple current, while theoretical comparison with
other topologies is carried out on the inductor volume, chopper volume and mass, power
loss, and efficiency. The theoretical analysis results, focusing on the switching-ripple cur-
rent, are validated through experiments using a 2 kW down-scaled model, and the chopper
operations under steady and transient states are verified. Additionally, the application of
phase shift to the carrier waveforms of the main and auxiliary converters in the BCSAC is
proposed to further reduce the produced switching-ripple current. The significance of the
BCSAC with phase shift (BCSAC-PS) is evaluated through theoretical analysis and com-
parison with other topologies on the inductor volume, chopper volume and mass, power
loss, and efficiency, while experiment using the down-scaled model confirms the theoret-
ical results of the switching-ripple current. Finally, a supplementary application of AC
component-based control is proposed in the BCSAC-PS to allow the achievement of the
DC-capacitor voltage control when there is no power transfer between the voltage sources.

Consequently, the stability of the chopper operation would be improved. The operations of
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the proposed AC component-based control in the BCSAC-PS during steady and transient
states, along with its coordinated operation with the conventional DC component-based

control, are verified through experiments using the down-scaled model.
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Chapter 1

Introduction

The purpose of this dissertation is to propose a non-isolated bidirectional chopper that
supports the implementation of onboard battery energy storage system in electric vehicles.
electric vehicles play a pivotal role in reducing global GHG (greenhouse gas) emissions,
particularly in the transportation sector, and their operation requires the application
of onboard battery energy storage system to store and release the regenerative-braking
energy and allow independence from continuous external power sources. Considering the
additional component, mass and volume reductions of the bidirectional chopper become
necessary, considering its placement in a moving vehicle. The conventional bidirectional
chopper achieves this by operating at high switching-frequencies. However, there are upper
limits on the frequency when the power loss is considered, which means that there is a

need for a more suitable bidirectional chopper.

1.1 Research Background

Over the last few decades, concern over climate change has risen steeply due to its potential
ramifications on the environment, economy, and social life. This is driven primarily by the
accumulation of GHG emitted from various activities. According to the IEA (international
energy agency), the transportation sector is responsible for around 23 % of the global
energy-related GHG emission in 2022, which translates to around 8 Gt COs-eq, making
it the one of the major contributors [1]. Historically, road transportation is the biggest
emission contributor in the transportation sector. For example, road vehicles contribute to
around 73.5 % of the total transportation emission between 2013-2022, averaging around

5.7 Gt CO3-eq, as shown in Fig. 1.1 [2]. It is followed by aviation and ship, where both
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Figure 1.1: Emission produced by different transportation modes [2].

contribute around 10.8 % of the emission, which translates to 0.8 Gt COs-eq in average.
Meanwhile, pipeline transportation is responsible for around 3.6 % in the same period,
amounting to around 0.3 Gt COs-eq of emission, while railway only contributes around
1.1 %, averaging less than 0.1 Gt COz-eq. As such, there is a need to reduce the emission

produced by the transportation sector, especially for the road transportation modes.

1.1.1 Electrification in the Transportation Sector

The widely accepted solution to decarbonize transportation sector is the electrification of
various transportation modes (i.e., EVs (electric vehicles)), which requires a transformative
shift from the conventional vehicles with ICE (internal combustion engine) that rely on
fossil-fuel to those powered by electricity. Currently, researches on EVs have encompassed
everything from land, air, to water transportation modes, including passenger vehicles,
public transportation, and freight [3]-[6]. This is because EVs have several advantages
over the conventional vehicles, including reduced GHG emission, possibility to use renew-
able energy, improved energy efficiency, and potentially lower operating and maintenance
cost [7]-]10].

One of the main advantages of EV is the significant reduction in GHG emission. ICE
produces various GHG during the fuel combustion, especially when the engine is starting
and the operating temperature has not been reached, which is typically called the TTW
(tank-to-wheel) emission. This includes carbon dioxide (COg) that is a major contributor
to global warming, methane (CHy4) that is commonly produced by natural gas-powered

vehicles, and nitrous oxide (N2O) that is usually produced by diesel engines. On the other
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Figure 1.2: Comparison of WTW emission for different transportation modes [13].

hand, EV produces zero tailpipe emission, as it does not rely on combustion for power [11].
Although there are other types of emissions that have to be considered, such as the WTT
(well-to-tank) emission that is defined as the emissions produced by the generation of elec-
tricity to produce the necessary power, the total WTW (well-to-wheel) emissions produced
by the EV is lower than that of the conventional transportation [12]. WTW emission is
defined as the total emissions produced when the vehicle is used, and the comparison of
the WT'W emission for different transportation modes is given in Fig. 1.2 [13]. Electric air-
plane emits around 50 g COs-eq per km, which is almost one-third than the conventional
airplane at 141 g COg-eq per km. For land vehicles, the emission of electric car (18.9¢g
COg2-eq per km) is less than one-forth of the conventional car (73.9 g CO2-eq per km), the
emission of electric bus (18.3g CO2-eq per km) is less than half of the conventional bus
(40 g COg2-eq per km), and the emission of electric railway (15.6 g COg-eq per km) is less
than one-fourth of the conventional railway (66.9 g COg-eq per km). Finally, electric ship
and conventional ship have similar emissions, with 98.6 g CO2-eq per km and 99 g COs-eq

per km, respectively.

Beside the emission reduction, the potential use of renewable sources to either directly
power the vehicles or used in the electricity generation further adds to the environmental

benefits of EV, where solar power is among the most extensively researched energy sources.



CHAPTER 1. INTRODUCTION

It can be installed on the vehicle, at charging stations, or used to generate power for the
electricity grids. Direct usage on the vehicle gives an advantage in reducing the peak load
in the transmission lines [14]. Meanwhile, other renewable sources (e.g., wind, hydropower,
and geothermal) are more commonly used as indirect power sources by feeding electricity
to the grid or the charging stations [15]-[17]. Further, using renewable sources will improve

the energy independence, scalability, and sustainability of the EV systems.

Another compelling advantage of EV is the potential for improved energy efficiency.
Electric motors are far more efficient than ICE, converting a higher percentage of energy
from the battery directly into motion [18]. Depending on the power sources, EV main-
tains a higher WTW efficiency, in average, than the the conventional vehicles, where EVs
with electricity supplied by renewable sources have greater WTW efficiency intervals. For
example, the WTW efficiency of ICE vehicle using gasoline ranges between 11.1-26.2 %
and ICE vehicle using diesel ranges between 23.7-35.5%. Meanwhile, EV using hydro-
electric has a WTW efficiency between 45.5-72.2 % and EV using solar and wind sources
has a WTW efficiency between 53.5-71.4% [19]-[21]. Moreover, land vehicles, such as
electric cars and railways, can utilize regenerative braking system to further improve the
efficiency [22]-[24]. Economically, EV has cost advantages in the long-term. Although
the initial cost of EV can still be higher than that of conventional vehicles, lower oper-
ating and maintenance costs help balance this over time [25]. Further, the rising price
of fossil-fuels and improvements on the economical aspects of its supporting technologies
(i.e., battery and renewable power system) will narrow the initial cost gap between electric

and conventional vehicles.

EVs are commonly DC systems, i.e., LVDC (low-voltage direct current) and MVDC
(medium-voltage direct current), since DC motors are easier to control than AC motors
and can efficiently provide high acceleration, simpler and stabler operation, and offer more
flexibility to be integrated with renewable energy systems [26]-[28]. The voltage rating
of DC EV varies widely depending on the application, size, and power requirements of
the vehicle. For example, the typical operating voltage of electric railways ranges from
600V to 3kV, and electric cars is 300-800 V, while electric ships and aircrafts use voltage
rating up to 3kV and 5kV, respectively [29]-[33]. Further, the operation of EVs require
OESS (onboard energy storage system), which enables independence from the availability

of continuous external power sources, the storing and releasing of regenerative-braking
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Figure 1.3: Schematic diagram: (a) FESS, (b) SESS.

energy, longer travel distance, and improved efficiency [34]-[36]. There are three types of
OESS commonly utilized in modern EVs: FESS (flywheel energy storage system), SESS
(supercapacitor energy storage system), and BESS (battery energy storage system). Other
types include hydrogen and hybrid storage systems, which will not be discussed in this

dissertation.

1.1.2 Types of OESS in Electric Vehicles

A FESS generally has four main components, i.e., a rotor, a rotor bearing, an electric ma-
chine, and a power electronic interface, where the schematic diagram is shown in Fig. 1.3a.
It converts electrical energy to kinetic energy and stores it by using the moment of inertia
of a rotational mass located in a rotor, where the amount of stored energy depends on
the form, mass, and rotational speed of the rotor. It should be noted that the rotors can
be positioned either vertically or horizontally, and are designed to optimize the energy
density while preserving the structural integrity of all components under the combination
of rotational and thermal stresses. Depending on the rotor speed, it can be categorized as
low-speed and high-speed FESS. Further, an electrical machine is connected to the rotor
through a bearing to convert the kinetic energy back to electrical energy when needed.
There are several advantages of the FESS, including high efficiency since it stores energy
in the form of kinetic (i.e., mechanical) energy that has minimum losses, fast response time
to discharge energy, high durability, and low environmental impact. However, its main

disadvantages include its bulky and heavy nature compared to the other types of OESS,
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Figure 1.4: Simplified configuration of onboard BESS in electric railways.

high self-discharge rate, and high cost (especially for the high-speed types) [37]-[39].

A SESS stores energy in an electrochemical double layer, consisting of two electrodes
insulated by an ion-permeable separator, as shown in Fig. 1.3b. When a voltage is applied,
ions in the electrolyte gather on the surface of the electrodes, creating an electrostatic field
that stores energy. This allows SESS to excel at delivering and absorbing rapid bursts
of energy (i.e., high power density), making it suitable for situations where quick bursts
of energy are needed, e.g., during acceleration and deceleration. Further, it has a faster
charging rate than the FESS, and quite a long life-cycle, which could prove to be cost-
effective in the long run. In terms of weight, the SESS is lighter than the BESS. On the
other hand, SESS has low energy density, which limits its use in long-distance travel when
a large capacity of storage is needed [40]-[42].

A BESS stores electricity in the form of chemical energy, and it has three main com-
ponents: the anode, catode, and electrolyte. It has been widely used in EVs due to its
advantages, such as high energy density, low maintenance, high efficiency, and fast re-
sponse time [43]-[45]. Several differences can exist in the characteristics depending on
the materials used in the battery, with the main ones being Li-ion (lithium-ion), Pb-Acid
(lead-acid), and NiMH (nickel-metal hydride) [46]-[48]. Recently, the usage of superca-
pacitors as a support function to the BESS has been proposed, e.g., during power peaks,
which could lead to a more stable operation and a higher battery lifetime [49]-[51].

When onboard BESS is used, an additional bidirectional chopper is required for volt-
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age conversion between the voltage level of the power source and that of the battery. For
example, Fig. 1.4 shows the simplified configuration of its application in electric railways.
The utilization of BESS puts additional volume and mass on the vehicle. The typical
volume of the BESS used in electric car is 50-200dm® and weighs 80-600 kg, while that
used in electric railway (i.e., light rail) is 450-3000dm® and 900-2000kg in volume and
weight, respectively [52]-[55]. Since it is placed in a moving vehicle with limited capacity,
reduction of the chopper volume and mass becomes imperative, where inductor and ca-
pacitor are the main contributors. Typically, inductor is the bulkiest and most expensive
component, especially in high power applications such as EVs, while capacitor has less
volume due to its higher energy density [56]-[58]. Additionally, there are more limitations
to achieve volume and mass reduction of a capacitor than an inductor, e.g., the proper-
ties of dielectric materials [59]. Thus, researches focusing on reducing inductor volume
and mass have been widely done. The simplest way to achieve this is by lowering the
inductance value of the inductor by operating the power devices of the chopper at high
switching frequencies [60]-[62]. However, when the power losses of the switching devices
are considered, an upper limit exists for the operating switching frequencies. For example,
the typical switching frequency for a 3.3kV Si-IGBT (silicon-insulated gate bipolar tran-
sistors) at the catenary voltage of 1.5kV is 600 Hz, while that of a 3.3kV SiC-MOSFET
(silicon carbide-metal oxide semiconductor field effect transistor) at the same voltage is
2kHz [63], [64]. As such, other approaches to reduce the inductor volume and mass are

needed.

1.2 Research Objectives

The purpose of this dissertation is to propose a suitable non-isolated bidirectional chopper

topology for onboard BESS application in EVs that could achieve the following objectives:

1. Reduction of the switching-ripple current in the inductor, which consequently

allows the usage of a lower inductance.

2. Reduction of the inductor volume used in the chopper, as a result of the appli-

cation of a lower inductance value.

3. Production of power losses that is low enough to enable high-efficiency per-

formances in the chopper.
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4. Improvement of the overall stability of the chopper operation, including the

situation when there is no power transfer in the chopper.

A bidirectional chopper with a single full-bridge auxiliary converter is proposed in this
dissertation, where several operating conditions are introduced to achieve the previously
mentioned objectives. A detailed theoretical analysis on the switching-ripple current is
conducted over the wide operating voltage to evaluate the performance of the proposed
chopper. Further, experiments are carried using a down-scaled model to verify the validity
of the theoretical analysis results along with the associated controls in the chopper during
steady- and transient-states. Finally, the efficacy of the proposed chopper is evaluated
through a theoretical comparison with respect to the inductor volume, chopper volume
and mass, power loss, and efficiency, with several conventional topologies.

The application of phase shift to the carrier of the auxiliary converter in the bidirec-
tional chopper with a single full-bridge auxiliary converter is proposed to further reduce
the switching-ripple current in the inductor and its associated volume. Consequently, the
produced power loss in the chopper can be made lower, which raises its efficiency. To
confirm this point, a detailed theoretical analysis is conducted on the switching-ripple
current, and the results are confirmed through experiments using a down-scaled model.
Similarly, a theoretical comparison with several topologies is done with respect to the
inductor volume, power loss, and efficiency, to demonstrate the benefits of applying phase
shift in the proposed chopper.

The supplementary implementation of AC-component based control is proposed to
ensure smooth operations of the chopper, particularly in conditions when the DC inductor
current is zero. In such condition, there is no power transfer between the voltage sources
(i.e., the power source and the battery). The results of the theoretical analysis and the
performances of the proposed supplementary AC-component based controls during steady-

and transient-states are experimentally verified using a down-scaled model.

1.3 Dissertation Outline

The main body of this dissertation is consisted of six Chapters and two Appendices.
The Chapters of the dissertation provide the main contents of the research topic. The

Appendices give the details on supporting information, analysis, or calculation methods
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that are used in some parts of the research. A list of publications and achievements is

given after the Appendices.

B Chapter 1 gives an introduction to the research topic that is discussed in this dis-
sertation. It describes the benefits of EV adoption to replace conventional vehicle,
where the usage of onboard energy storage system is required, compelling the neces-
sity of this research. Research objectives are presented to provide sufficient context

and the outline of this dissertation is listed to summarize the purpose of each section.

B Chapter 2 introduces various existing topologies for non-isolated bidirectional chop-
per that can be used for OESS application in EV. The advantages and disadvantages
of these topologies are discussed and presented as a baseline for comparison with the

proposed chopper.

B Chapter 3 presents the proposed bidirectional chopper with a single full-bridge
auxiliary converter, focusing on its application in electric railways. Information on
the circuit configuration, operating principle, and controls of the main and auxil-
iary converters are provided and discussed in details. Theoretical analysis on the
switching-ripple current is conducted, where the results are further verified through
experiments done using a downscaled model, along with the steady- and transient-
states operations of the chopper. Finally, a comparison with other topologies, i.e.,
the conventional bidirectional chopper, three-level flying capacitor-based converter,
and bidirectional chopper with auxiliary converter that has three cells, are given
with respect to the inductor volume, chopper volume and mass, power loss, and

efficiency.

B Chapter 4 proposes the application of phase shift to the carrier of the auxiliary
converter in the bidirectional chopper with a single full-bridge auxiliary converter,
maintaining its focus in electric railways. Theoretical analysis on the switching-ripple
current is given and the results are confirmed through experiments using a down-
scaled model. Comparison of the bidirectional chopper with a single full-bridge
auxiliary converter with phase shift with other topologies, i.e., the conventional
bidirectional chopper, three-level flying capacitor-based converter with phase shift,
and bidirectional chopper with a single full-bridge auxiliary converter, is given with

respect to the inductor volume, chopper volume and mass, power loss, and efficiency.
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B Chapter 5 proposes the supplementary implementation of AC component-based
control in bidirectional chopper with a single full-bridge auxiliary converter to the
conventional DC component-based control. Experiments under steady and transient
states are performed, along with its coordinated operation with the conventional
DC component-based control, to validate the operations of the AC-component based

control.

B Chapter 6 concludes the research work and all of the results presented in the pre-
vious Chapters of this dissertation. In addition, potential plans for future researches

in the related topic are given for subsequent researchers and engineers.

B Appendix A describes the calculation methods for the theoretical analysis of the
inductor and cooling system volumes to support the results shown in Chapter 3
and 4. Additionally, the thermal characteristics of the power modules based on their

respective datasheets are shown.

B Appendix B provides the formulas to the losses considered in the power loss calcu-
lation of the chopper. The approximated loss characteristics of the power modules
used in the calculations, based on their respective datasheets, are also shown to

validate the results shown in Chapter 3 and 4.

10



Chapter 2

Literature Review

As has been mentioned in Chapter 1.2, the objectives of this research is to propose a
suitable chopper topology for onboard BESS application in the electric railway systems
that focuses on the inductor switching-ripple current and volume reduction, while taking
the produced power losses into considerations. For the intended application, non-isolated
bidirectional choppers are the most suitable, due to their characteristics that have been
previously explained. This Chapter will review some of the most commonly used conven-
tional topologies of the non-isolated bidirectional choppers and mention their advantages
and disadvantages. The topologies that will be discussed are the conventional bidirectional
chopper, flying capacitor chopper neutral point clamped chopper, cascaded h-bridge chop-
per, modular multilevel chopper, and bidirectional chopper with an auxiliary converter.

Finally, a conclusion will be given based on the presented information.

Depending on the direction of the power flow, choppers can be classified into unidirec-
tional and bidirectional. As the names entail, unidirectional choppers only allow power to
flow in one direction, i.e., the power only flows from the source to the load in generation or
it is absorbed by the source in regeneration, while bidirectional choppers allow power to
flow in both directions [65]. Due to its characteristics, unidirectional choppers are suitable
for on board loads such as safety equipments or utilities. Meanwhile, bidirectional chop-
pers are suitable for implementations where power flow reversal is needed, such as ESS
(energy storage system) applications in renewable energy systems and EVs, smart grids,

EV charging stations, and others [66]—[70].

Bidirectional choppers can be classified into isolated and non-isolated choppers [71].

Isolated choppers have the advantage of galvanic isolation between the input and output

11
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Figure 2.1: Circuit configuration of the CBC.

sides, which is typically achieved by using a transformer, so that the electrical faults in
the input will not affect the output. Thus, it offers a good safety especially in high voltage
applications. Further, a wide range of voltage step-up and step-down can be produced by
adjusting the transformer’s turn ratio, while interferences and noises can be reduced since
isolation eliminates ground loops. On the other hand, in non-isolated choppers, the input
and output sides share a common ground and the power is directly transferred from the
former to the latter. Since no intermediate step is used (i.e., transformer), the reduction
of weight, size, and cost is possible when non-isolated choppers are used. Additionally,
higher efficiency can be achieved since there is no transformer loss, while the design and

circuit control are comparatively simpler than the isolated choppers.

2.1 Two-Level Conventional Bidirectional Chopper

A commonly used bidirectional chopper in BESS applications is the half-bridge bidirec-
tional chopper, which henceforth will be called the CBC (conventional bidirectional chop-
per) in this dissertation. The circuit configuration of the CBC is shown in Fig. 2.1,
where V.1 and V.o denote DC voltages of the input and output, respectively, such that
Viger > Ve, and L is the inductor to smooth the current flow between the input and
output. It uses bidirectional switches, where S; and Sy are the upper and lower switches,
respectively, and the duty ratios are generally controlled using a PWM (pulse-width mod-
ulation) technique. Depending on the power flow, this copper can operate either in buck
or boost mode. For example, it operates in buck mode when the power flows from the
high-voltage side to the low-voltage side (i.e., from Vj.q to Vo), while the boost mode
occurs when when the power flows in the opposite direction. Due to its simple design that

uses few components, it is cost-effective and can be operated at high efficiency. Thus, the

12
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CBC is conventionally employed for ESS application in EVs, renewable energy systems,
and electric railways [72]-[74]. However, two-level choppers have several limitations, in-
cluding limited voltage scalability, low efficiency at higher power applications, and high
harmonics distortion [75]-[77]. Additionally, the reduction of the inductor volume and
mass are achieved in the CBC by increasing its switching frequency, whereas an upper

limit exists, as has been explained in the previous Chapter.

2.2 Multi-Level Chopper Topologies

Multi-level choppers are characterized by their ability to produce more than two voltage
levels of phase voltage. This gives them the advantages in improved quality of the out-
put waveform, less harmonic distortion, higher efficiency at higher power applications,
reduced voltage stress across the power devices, and reduced inductor switching-ripple
current, which makes them suitable for medium to high power applications such as elec-
tric vehicles [78]-[81]. Most commonly used topologies of the multilevel choppers include
flying capacitor chopper, cascaded h-bridge chopper, and modular multilevel chopper.
However, cascaded h-bridge chopper and modular multilevel chopper are less suitable for
onboard EV application compared to the other topologies due to their complex control,

high component-counts, and limited chopper size reduction [82]—[84].

13
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2.2.1 Flying Capacitor Chopper

As the name suggests, the FCC (flying capacitor chopper) utilizes flying capacitors to
clamp device voltage to the capacitor voltage level as the intermediate voltage levels. Its
topology is made by serial connections of capacitors-clamped switching cell that allows the
transfer of limited voltages to the power devices through the capacitors. By adding more
flying capacitors, the chopper level can be increased. The circuit configuration of a TLFC
(three-level flying capacitor converter) is shown in Fig. 2.2 [85]-[87]. It can produce three
voltage levels of 0, Vi r1y, and Vi1, where Vo gy, is the flying DC-capacitor voltage and Vi
is the DC-source voltage. If the flying DC-capacitor voltage is set to be half of the DC-

source voltage (i.e., Vo = V"éd ), and no phase shift is considered in the operation, the

TLFC can work as a bidirectional chopper with the voltage of % at the high-voltage side
and V.o at the low-voltage side, or that with % at the high-voltage side and V.o — %
at the low-voltage side. Consequently, the maximum peak-to-peak current can be reduced
to half of that produced by the CBC under the same switching frequency [88]. Meanwhile,
if phase shift is applied to the power devices in the chopper, it is able to produce lower
maximum peak-to-peak current that is a quarter of that produced by the CBC under the

same switching frequency.

One of the major advantages of the FCC is its phase redundancies, which refers to the
multiple ways it has to produce the same voltage level. For example, when Vi, = % is
held, the TLFC shown in Fig.2.2 is able to produce % by setting S; and S3 to ON and
So and S4 to OFF, and S and S4 to ON and S; and S3 to OFF. This is particularly useful
for the achievement of capacitor-voltage-balancing control techniques and fault tolerance,
and could minimize power losses [89]. Due to these merits, numerous studies focusing on
its control and applications in power systems have been conducted [90]-[92]. However, the
FCC suffers from several drawbacks, including an increased number of flying-capacitor as
the level increases, difficulties to monitor and balance the capacitor voltages that could
lead to increased voltage ripple, and complex controls where the controls of the inductor

current and capacitor voltage are strongly coupled [93]-[95].

14
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2.2.2 Bidirectional Chopper with Auxiliary Converter

The BCAC (bidirectional chopper with an auxiliary converter) combines a CBC with an
auxiliary converter based on multiple cascaded single-phase full-bridge converter cells [96]—
[102]. The circuit configuration of the BCAC is shown in Fig. 2.3, where V.1 and V.o are
the DC-voltage sources of the high-voltage and low-voltage sides, respectively. Meanwhile,
Ve, Voo, and Vo are the DC-capacitor voltages of the cells, with N being the number of
cells in the auxiliary converter. It should be noted that only reactive power is processed by
the auxiliary converter in the BCAC ideally, with no active power. Thus, the BCAC is a
full power converter, and not a partial power DC-DC converter that processes a percentage

of the converter total power [103].

In the BCAC, the switching-ripple current can be reduced by using the auxiliary con-
verter as an active power filter that eliminates the AC voltage produced by the main
converter. To do this, the switching frequencies of the main converter, fss, needs to be
equal or less than that of the auxiliary converter, fg4 (i.e., fsyr < fsa). It should be
noted that the ripple frequency will increase when fg4 is raised. Additionally, to make

sure that the auxiliary converter can work as an active power filter under all conditions
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when Vy.q > Vg, the relationship NV > Vyq should hold. For example, by setting

N =3, fsa = 4fsm, and Vo < V‘éd, the switching-ripple current can be reduced to 6—10

of that the CBC [96], [97]. Further, power-flow control can be achieved in high switching
frequency performance under N = 2, fops = 8kHz, and fg4 = 16 kHz, where the equiva-
lent switching frequency is 64 kHz (= 2N fg4), using a small inductor with an inductance
of 50pnH [98]. In [99], [100], interleaved topologies utilizing BCAC have been proposed

to reduce the mass and volume of the chopper by setting N =3, M = 3, fsa = 4fsm,

and Vg = Vcéd, where M is the number of sub-converters in the interleaved topology. A
noninverting BCAC that is able to operate in buck, buck-boost, and boost modes has been
proposed in [101]

Other merits of the BCAC include the possibility to use the auxiliary converter as
a solid-state DC circuit breaker equivalent. By monitoring the inductor current, short-
circuit fault can be detected. Specifically, the circuit breaker operation is triggered when
it reaches a specified threshold value. Since the measurement of the inductor current
is also required for control purposes, no additional sensors are required for the circuit
breaker operation. Additionally, the auxiliary converter can interrupt the inductor current
when there is undesirable overcurrent much faster than mechanical DC circuit breakers.
Considering that no arc occurs in the auxiliary converters, an arc extinguishing mechanism
required for the mechanical DC circuit breakers is not needed, and high reliability can be
realized. In addition, there is flexibility to place the main and auxiliary converters, since
both converters can work as independent voltage sources. Due to the same reason, the
decouple of controls between the inductor current and the DC-capacitor voltage can be
achieved in the BCAC, which is not the case in FCC [102]. However, it suffers from
increased power loss and potentially the cost, due to the installations of multiple cells in

the auxiliary converter.

2.3 Conclusion

This Chapter has reviewed several conventional non-isolated bidirectional chopper topolo-
gies. The presented choppers are classified on the voltage levels they can produce into two-
level and multi-level choppers. The two-level conventional bidirectional chopper (CBC)

has the advantage in its simple design. However, there is a restriction in its ability to
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reduce the inductor volume and mass due to the limitation on the switching frequency,
especially in high power applications. On the other hand, multi-level chopper topologies
offers more flexibility in reducing the inductor volume and mass through the switching-
ripple current reduction. The flying capacitor chopper (FCC) has the advantage in its
phase redundancies and voltage balancing control. However, its inductor current and ca-
pacitor voltage controls are strongly coupled. The bidirectional chopper with an auxiliary
converter (BCAC) is able to reduce the switching-ripple current to % of that the CBC.

However, it produces a significant amount of power losses, which lowers its efficiency.
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Chapter 3

Bidirectional Chopper with Single

Full-Bridge Auxiliary Converter

This Chapter presents the proposal of a bidirectional chopper with a single full-bridge aux-
iliary converter (BCSAC), focusing on its application in electric railway systems. The pro-
posed chopper is based on the bidirectional chopper with an auxiliary converter (BCAC),
with the aims to reduce the inductor volume without a significant power loss compensa-
tion. In this Chapter, the circuit configuration and operating principle of the BCSAC are
described, which includes the explanation regarding the role of the auxiliary converter in
reducing the switching-ripple current of the inductor (i.e., the inductance) and the oper-
ating conditions set with the intention to reduce the generated power loss. The control
methods of both the main and auxiliary converters are discussed, where the functions
are separated into inductor current control, capacitor voltage control, and ripple-current
mitigation. Theoretical analysis and comparison on the switching-ripple current, induc-
tor volume, chopper volume and mass, power loss, and efficiency with other topologies
are given to evaluate the efficacy of the BCSAC. Finally, the validity of the theoretical
analysis on the switching-ripple current, as well as the confirmation of the BCSAC per-
formances during steady and transient states are confirmed through experiments using a

2kW down-scaled model.
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CHAPTER 3. BIDIRECTIONAL CHOPPER WITH SINGLE FULL-BRIDGE
AUXILIARY CONVERTER
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Figure 3.1: Circuit configuration of the BCSAC.

3.1 Circuit Configuration

The circuit configuration of the BCSAC is shown in Fig. 3.1, which is consisted of a CBC
as the main converter, a single-phase full-bridge converter equipped with a floating DC-
capacitor as the auxiliary converter, and an inductor. The main converter is connected to
two DC-voltage sources, V.1 as the high-voltage-side voltage and V.o as the low-voltage-
side voltage, while vy, indicates the low-voltage-side voltage of the main converter. S; and
Ss indicate the upper and lower switching devices of the main converter, respectively. The
auxiliary converter is connected in series with the main converter and the inductor, where
v4 indicates the auxiliary converter voltage, vo indicates the DC-capacitor voltage, vy,
indicates the inductor voltage, and iy, indicates the inductor current. S3 and S4 indicate
the upper and lower switching devices of one leg of the auxiliary converter that is connected
to the main converter, respectively, and va; shows the low-voltage-side voltage of the leg.
Meanwhile, S5 and Sg indicate those of another leg that is connected to the inductor, and
v42 shows the low-voltage-side voltage of the leg. Finally, triangular carrier waveforms
are applied to the main and auxiliary converters, i.e., tripy and tria, respectively, where

the relationship triy; = trip holds.

20



3.2. OPERATING CONDITIONS AND PRINCIPLE
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Figure 3.2: Example of the ideal voltage and current waveforms of the BCSAC.

3.2 Operating Conditions and Principle

3.2.1 Operating Conditions

The BCSAC operates under the following conditions:
1. The auxiliary converter consists of only a single full-bridge cell (N = 1).

2. The switching frequency of the main converter, fgas, and that of the auxiliary con-

verter, fga, are the same (i.e., forpr = fsa).

3. The DC-capacitor voltage is half of the DC-source voltage at the high-voltage side

(ie., Vo = Y1),

The focus of these operating conditions is to reduce the power loss and cost of the BCSAC,
compared to the BCAC. The first condition is applied to reduce the number of switching
devices in the auxiliary converter, which consequently should reduce the conduction loss,
switching loss, and cost. Further, the second condition is applied to reduce the switching
loss in the auxiliary converter, compared to when the relationship fg4 > fgas holds, as
used in [96]-]98]. It should be noted that the equivalent switching frequency of v4 is 2fg4,

due to the application of unipolar PWM in the auxiliary converter. Finally, by setting the
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DC-capacitor voltage as in the second condition, the voltage rating of the power devices
in the auxiliary converter can be reduced by a factor of 0.5, which is expected to reduce
the switching loss and cost. To further verify the advantage of setting Vo = %, the

comparison between different settings of Vi is given in Appendix A.

However, the application of these conditions come with its potential drawbacks. For
example, setting the DC-capacitor voltage to Vo = % could limit the auxiliary converter
function as an active power filter, since it may not be able to output the necessary v4.
Further, setting the frequency of the auxiliary converter to fs4 = fgas will decrease the
frequency of the ripple component in the inductor. Ultimately, these drawbacks may result

in an increased switching-ripple current. As such, a detailed theoretical analysis of the

switching-ripple current is required to confirm it, which is provided in Chapter 3.4.

3.2.2 Operating Principle

An example of the ideal voltage and current waveforms of the BCSAC is shown in Fig. 3.2.
When the deadtime in the main converter is zero, the main converter voltage, vys, in the
BCSAC is given by:

Vdcl (S12 ON7 SQZ OFF)
M = ; (3.1)
0 (S1: OFF, Sa: ON)

where vy consists of the DC component, (var),,, and the AC component, (var),,.. If the

duty ratio of Sy is assumed to be das, (var),, is given by:

(M) ge = drrVaer- (3.2)

From (3.1) and (3.2), (va),. can be determined as:

(1 —da) Vg (S1: ON, Sy: OFF)
(0ar)ge = . (3.3)
—dn Ve (S1: OFF, Sy: ON)
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Meanwhile, when the deadtimes in the auxiliary converter are zero, v4; and v o are given

by:

Vo (Ss: ON, Sy: OFF)
VAl = (34)
0 (Sg: OFF, S4: ON)

Vo o (Ss: ON, Sg: OFF)
VA2 = s (3.5)
0 (852 OFF, Sﬁt ON)

where vg = v41 — V4g9.

For the auxiliary converter to function as an active power filter, its AC output, (va),,,.,
has to be equal to that of the main converter (i.e., (va),. = (var),.), so that the AC
component in the inductor can be reduced to zero. Considering that (var),. has the
maximum value of V. and the minimum value of —Vjy; based on (3.3), (va),,. should
have the same maximum and minimum values as (vas),.. In the operation of the BCAC,
Ve must satisfy Vo > |(va),.|, as has been explained in Chapter 2.2.2. When (3.3) is
considered, this means that the relationship Vo > V.1 should be satisfied to enable the
auxiliary converter to work as an active power filter under all conditions when V.1 > Vieo.
However, the DC-capacitor voltage in the BCSAC is set to Vo = % because of the
reasons mentioned in Chapter 3.2.1. Consequently, a DC component may occur in vy if
the auxiliary converter attempts to produce the AC voltage given in (3.3) as a result of

overmodulation in the converter. It should be noted that since v, is an AC component

and iy, is a DC component, the auxiliary converter only processes reactive power.

3.2.2.1 Voltage Compensation on v4

To solve the overmodulation problem mentioned above, normalization should be applied
to (va),, to limit its maximum and minimum values to 0.5V and —0.5Vg.1, respectively
(i.e., =0.5Vger < (va),. < 0.5Vge1). Under the normalization, the value of (va),. (i-e.,

(v4),.) given by (3.3) should be regulated according to the following considerations:

e The value of (v4),, under 0 < dps < 0.5 is fixed to 0.5d); when S; is ON and Sy is
OFF.

o The value of (v4),. under 0.5 < dps < 1is fixed to —0.5dp; when S; is OFF and Ss
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is ON.

« The average value of (v4),. in one switching period Ty, is zero (i.e., fTS“’ (V4),edt =

0).

Under these considerations, the value of (v4),,. can be differently determined relative to

the dps. When 0 < djps < 0.5, it is given by:

0.5Vier (S1: ON, Sy: OFF)
(VA)ge = . (3.6)

—dpVaer + o030y, (Sy: OFF, Sy: ON)

Meanwhile, (v4),. when 0.5 < djs <1 is given by:

(1 — dar) Vaer + D=0 05y, (S ON, Sy: OFF)

(04) ge = (3.7)

_O-5Vdcl (Sli OFF, SQZ ON)

Based on (3.3), (3.6), and (3.7), the relationship (v4),. = (vm),,. holds when dp; = 0.5.
In this situation, the frequency component fgys contained in (vas),, is canceled out by the
auxiliary converter so that no frequency component of fgp; exists in the inductor current.
On the contrary, the relationship (va),. = (vam),, does not hold when dps # 0.5. In this

situation, the frequency component of fg;; remains in the inductor current.

3.3 Control Method

Based on the function, the control methods of the BCSAC can be mainly separated into
inductor current control and DC-capacitor control. The control method closely resembles
that of the BCAC introduced in [96]-[98], but differing primarily in the inductor current
control. While [96]-[98] achieves the inductor current conrol through the main converter,
the BCSAC uses the auxiliary converter to undertake that function. Since the equivalent
switching frequency of the auxiliary converter is two times that of the main converter,
as has been mentioned in Chapter 3.2.1, a more precised current controllability can be

achieved.
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DC-capacitor voltage control

* ................................ v s V*
gVC—+_>T—> PI 50 | —-—f_+>T—> 1/V —> dyy
Ve +1:iL20 Vd

(—1: i<0]i

Figure 3.3: Block diagram of the main converter control.

3.3.1 Main Converter Control

The block diagram of the main converter control is shown in Fig. 3.3, where the objective
is to regulate the DC-capacitor voltage. More specifically, the traditional PI (proportional-
integral) control is applied to make the difference between the DC-capacitor voltage actual
value, vc, and its reference value, Vi, become zero, which generates the voltage reference
vpo- It should be noted that the polarity of v} is alternated based on that of the inductor

current. For example, when V% > v¢, the resulted vy is as follows:

v (iL > 0)
vy =4 " . (3.8)

*U*BO (iL < 0)

Subsequently, Vj.2 is added to vy as a feedforward control, followed by the normalization
by Vge1. As a result, the duty ratio of Sy, djs, with a maximum value of +1 and a minimum

value of zero is produced, which can be expressed as:

(3.9)

Finally, it is compared with triy;, which has the same maximum and minimum values.
To explain the principle of the DC-capacitor voltage control, a positive DC-inductor
current of i;, = I, (> 0) is assumed to flow in the circuit. The DC power at the high-

voltage side of the main converter is given from Fig. 3.3, (3.2), and (3.9) as:

(Pr)ge = (n) e I = dmVaer I = (vB + Vae2) 11 (3.10)

where vp is the actual voltage used for the DC-capacitor voltage control, and the rela-

tionship vp = vy is assumed to hold. When ve = V3, the DC power at the low-voltage
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X
Inductor current control VB
P+ R dg;
73 PI =% 1 —>
—i Py e dg2
: iy :
v
Ripple-current mitigation ( A)ac
Vdcl — >
(3.6), (3.7

Switching signal from the main converter

Figure 3.4: Block diagram of the auxiliary converter control.

sides of the main converter and the BCSAC are the same (i.e., (var),. Ir = Vae2I1), since
the produced vp is zero. In this case, there is no power flowing in the auxiliary converter.
Meanwhile, when ve < V{4, a positive vy is produced and a positive power is formed
between vp and ir. Subsequently, the resulted DC power is superimposed on (var) . Ir.-
This means that the relationship (vas),, Ir, > VieaIr, holds in the circuit. Simultaneously,
the auxiliary converter receives this power by producing vy, as will be shown in Chap-
ter 3.3.2. As a result, a positive power Vg0l flows into the auxiliary converter and vo
is increased. In other words, all of the additional power superimposed on the main con-
verter flows to the auxiliary converter. It should be noted that the voltage component vy
produced by the main and auxiliary converters cancel each other out so that it does not
affect the current control. Thus, the decouple between the DC-capacitor voltage control

and the inductor current control can be achieved.

3.3.2 Auxiliary Converter Control

The block diagram of the auxiliary converter control is shown in Fig. 3.4, where the
objective is to regulate the inductor current and mitigate the ripple-current. In the current
control, the traditional PI control is used to make the difference between the inductor
current actual value, iz, and its reference value, i}, become zero, which generates the
voltage command v. Subsequently, (va),. coming from the ripple-current mitigation

control that is obtained from (3.6) and (3.7), and the voltage reference produced from
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the main converter control, v}, are added to v} as a feedforward control. It produces the
voltage reference of the auxiliary converter, v, which is followed by the normalization by
vo. As a result, the duty ratio of S3, da1, and that of S5, d40, with a maximum value
of +1 and a minimum value of —1 are produced. Considering the application of unipolar

PWM in the auxiliary converter, the duty ratios d4; and d2 can be expressed as:

* ¥ *
dAl — UiA — Vi + Up + (vA)aC (311)
vo ve
YR W i Tl CEV (3.12)

ve vo

However, the d 41 and d 49 have to be further normalized to have a maximum value of +1
and a minimum value of zero. Finally, the newly obtained values of the d4; and dao are
compared with trip, which has the same maximum and minimum values as them.

It is necessary to discern the difference between vy and v;. When there is no power
loss in the BCSAC, the relationship vj; = 0 holds under the steady state. On the other
hand, the relationship v} # 0 holds under the same condition due to the existence of a DC
voltage in v 4, which originates from the pulse-width modulation. Consequently, it has to

be canceled v}

7, meaning that the DC component of v is required to realize the average

of v4 in one switching period become zero and achieve the current control. Further, the
value of v} will affect the value of the switching-ripple current, as will be explained in

Chapter 3.4.

3.4 Theoretical Analysis on Switching-Ripple Current

As has been explained in Chapter 3.2.1, the switching-ripple current may increase due to
some of the operating conditions used in the BCSAC. To confirm this point, a detailed
theoretical analysis is conducted on the switching-ripple current.

3.4.1 Assumptions Used in the Analysis

The following assumptions are applied in the following analysis of the switching-ripple

current:
o Steady-state operation with no power loss is considered.

e The deadtimes of the main and auxiliary converters are zero.
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e The relationship Vo = Vd;l holds, where the AC component in the DC-capacitor

voltage is assumed to be zero.

Under the first assumption, the voltage reference v used for the DC-capacitor voltage

is zero, as described in Chapter 3.3.2. As such, djs obtained from (3.9) becomes:

. Vch
Vdcl

dm (3.13)

Further, d41 and d 9 obtained from (3.11) and (3.12) becomes:

—?);-k + (UA)ac
vC
v;'k B (UA)ac

Ve

day = (3.14)

das = (3.15)

It should be noted that djs, da1, and dao can be compared with triy; because the rela-
tionship triy; = tripy holds, as mentioned in Chapter 3.1. Meanwhile, the validity of the
second assumption holds when the deadtime is sufficiently shorter than the switching pe-
riod. Finally, considering the difference of the (v4),. equations relative to dps (i.e., from
(3.6) and (3.7)), the theoretical analysis on the switching-ripple current is done separately

for dps in the ranges of 0 < dj; < 0.5 and 0.5 < dp; < 1.

3.4.2 When 0<d,; <0.5

The example of the ideal voltage and current waveforms of the BCSAC when dj; = 0.25

is shown in Fig. 3.5, where the following assumptions are considered:

f, and 6 are the intersection points between triy; and djy.

A5 and 05 are the intersection points between triy; and d4q.

A3 and 6, are the intersection points between triy; and d4s.
e The relationships 6, < 03, 05 < 03, 64 < 0, and 05 < g hold.

Based on Fig. 3.5, 1 and g can be determined as:

01 = wds (3.16)

0 = 2w — wdyy, (3.17)
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du o
dai
da2
tripg
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Figure 3.5: Ideal voltage and current waveforms of the BCSAC when dj; = 0.25.

where the relationship 6; < 6 always holds. Based on (3.1), vy is given by:

Vier (0<60<61,06 <6 <2m)
UM = . 3.18
M (3.18)
0 (01 <0 <6)

Based on (3.6), (3.14), and (3.15), while also applying Vo = V%d, the duty ratios d4;

and dao are given by:

2uF

—— 41 (OS9<91a96<9§2ﬂ')

dAl = Vac1 (319)
vy 1

it oot (61 <0<0)

*
2v;

Vdcl_l (0§9<91,96<0§2ﬂ')

e (3.20)
2v7 1
Vor ~am=1 — 1 (61 =0 <6h)

Since d 41 and d 42 obtained from (3.19) and (3.20) are in the ranges of —1 < d4; <1 and

—1 < dag < 1, the duty ratios need to be further normalized to the ranges of 0 < ds; <1
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and 0 < dgo < 1. The normalized d41 and dao are given as:

_4 (0<0< 61,056 <6< 2m)
das— Vel (3.21)

v; 0.5
vt oot (01 <0 <)

v¥

; (0< 6 <6y,06 <6 <2m)
dAQ = Vel | (322)
v} 0.
\ Vel o Wil (91 S 0 S 06)

Based on Fig. 3.5 and (3.21), #2 and 605 can be determined as:

vf 0.5
0y = -t 1 3.23
? ﬁ( Vdc1+dM—1+) (3.23)
vf 0.5
05 = 27 — - 1]. 3.24
5 T™—T ( Vit + duy — 1 + > ( )

Meanwhile, based on Fig. 3.5 and (3.22), 63 and 64 can be determined as:

vf 0.5
05 = CEE 3.25
5T (Vdcl dy — 1) (3:25)
vF 0.5
04 =27 — t . 3.26
pmameT (Vdcl dy — 1> (3:26)

Ve (0<6<6)
0 (01 <0 <0s)
Vo (62 <6<63)
vA =10 (63 <0 <6,) - (3.27)
Vo (02<6<05)
0 (65 < 6 < 65)

Vo (96<9§2ﬂ')

\

In the BCSAC, the power supplied into the auxiliary converter is given by:

Pa = vair. (3.28)

When iy, is a DC quantity, v; in the inductor current control will be adjusted so that vy
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under the steady-state contains only the AC component. Hence, the following relationship

holds:

2
/ vadd = Vo (01 + 02+ 04+ 27 — 05 — 65 —05) =0
0

01+ 0s404+2m — 03 — 05 — 0 = 0.

Substituting (3.16), (3.17), (3.23), (3.24), (3.25), and (3.26) into (3.29) yields:

2
vf dy

i = 2(dM_1)Vdcl-

Substituting (3.30) into (3.23) and (3.24) yields:

Similarly, substituting (3.30) into (3.25) and (3.26) yields:

dy 1
%—”(2+2>

B dy 3
@—”Q‘z+2)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

Based on (3.16), (3.17), (3.31), (3.32), (3.33), and (3.34), the relationships 6; < 63, 62 < 65,

0, < b0, and 05 < g always hold in the range 0 < dj; < 0.5, which validates the fourth

assumption.

Further, the validity of the assumptions that d4; intersects triy at 62 and 65 (the

second assumption), while d 49 intersects triy at 63 and 64 (the third assumption), should

be confirmed. Substituting (3.30) into (3.21) and (3.22) yields:

1 (0<6<01,06 <0 <2m)
day =
du 119, <9< b5)
0 (0<0<61,06 <0 <2m)
dAQZ ’
déw —l—% (01 §9<96)

(3.35)

(3.36)
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where the values of d41 and d 49 within the range of (0 < 6 < 01,05 < 0 < 27) are modified
due to the normalization. From Fig. 3.5, the values of triy; at 1 and 6g correspond to dyy.
Meanwhile, the values of d4; at 6; and 6 are obtained from (3.35) as —dTM + %, which
only gives higher value than dj; in the range of 0 < djps < 0.33. This signifies that the
phase 05 that satisfies §3 > 61 and the phase 05 that satisfies 05 < 0g only exist for dps in
the range of 0 < dj; < 0.33. On the contrary, —d—é” + % gives lower value than djs in the
range of 0.33 < dj; < 0.5, which signifies that the phases 2 and 65 do not exist within the
range. Subsequently, the values of d4s at 01 and g are obtained from (3.36) as % + %,
which always gives higher value than djs in the range of 0 < dj; < 0.5. This signifies that
the phase #3 that satisfies 83 > 6 and the phase 0, that satisfies 65 < 6 always exist
for dps in the range of 0 < dp; < 0.5. As such, d 4o invariably intersects triy; at 63 and
04. Considering these results, the following analysis on the switching-ripple current will

be done separately for dys in the range of 0 < dy; < 0.33 and 0.33 < dj; < 0.5.

3.4.2.1 When 0 <dj <0.33

Based on KVL (kirchhoff’s voltage law), (3.18), (3.27), while also applying Vo = Vféd , the

inductor voltage, vy, can be determined as:

v, = vp — va — Vigeo

0.5Viger — Vaea (0 <60 <61)

—Vae2 (61 <0< 02)

0.5Vger — Vo (62 < 6 < 63)

=9 —Vier (05 <0 <6y - (3.37)
0.5Vier — Vaeo (04 < 0 < 65)

—Viaea (05 < 6 < 06)

0.5Vge1 — Vigeo (95 <0< 27r)

From (3.37), given that the relationship dy; = % < 0.5 holds, the following trends hold

for the inductor current, iy:

e iy, rises with the rate of 0.5Vy.; — Vyeo within the range of 0 < 0 < 01 (= Irise1),

92 <40 < 93 (: Iri562)7 04 <40 < 95 (: IriseS)a and 96 <0 < 2m (: I’rise4)-
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o i1, drops with the rate of —Vjco within the range of 01 < 6 < 62 (= Igrop1), 03 < 0 < b4

(: IdropQ)a and 05 <0 S 06 <: Idrop?))'

Further, the rising and dropping rates remain consistent under steady state. From (3.16)

and (3.37), I ise1 is given by:

Vaer (1 —2dpr) das

I
Irise1 = — 0.5Vge1 — Vae2) d0 =
= o7 |08V = Vi

2fsm L 2
From (3.16), (3.31), and (3.37), Igrop1 is given by:
1% Viaer (1 —3dyr) das
I = —— do = .
dropl ol o ( Vch) 2fSML 9
From (3.31), (3.33), and (3.37), I ise2 is given by:
1 % Vier (1 —2dyr)day
Lriser = — 0.5Vge1r — Vae2) d0 = .
rise2 ol /02 ( dcl dc2) 2f5’ML 9

From (3.33), (3.34), and (3.37), Igop2 is given by:

I Vie
Liropr = = /9 (~Viea) 8 = 58 (1= dag) .
3

From (3.32), (3.34), and (3.37), I ise3 is given by:

1 % Vier (1 —2dpy) dys

ILrises = — 0.5Vye1 — Vigea)df =
rise3 oL 0, ( dcl dc2) 2f5’ML 9

From (3.17), (3.32), and (3.37), I4op3 is given by:

1 (% Vaer (1 —3dyr)dy
Idrop?; = _E ) (_VdCQ) do = 2fSML 2 .
5

From (3.17), and (3.37), I isea is given by:

Vier (1 —2dar)dy

1 2T
Im’se4 - E /06 (0-5Vdcl - Vdc?) do = QfSML 9

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

Based on (3.38) to (3.44), the relationship Igrop2 > Irise1 = Irise2 = Irise3s = Irisea >

Liropt = Larops always holds for dps in the range of 0 < dps < 0.33. As such, the peak-to-
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peak ripple current, I,.;pp., in the given range is determined as:

~ Vaa dyy
Impple = fSML (1 - dM) 9 (345)

3.4.2.2 When 0.33 <dy; <0.5

As has been explained before, the intersections between d4;1 and triy (i.e., #2 and 65) do
not exist for dj; in the range of 0.33 < dp; < 0.5. Consequently, v4 that is given by (3.27)
should be modified into:

Ve (0<6<6)

—VC (91 <40 < 03)

vA=140 (s < 0 < 6y) - (3.46)
—Veo (94 <0< 96)

Vo (s < 6 < 2m)

It should be noted that the change in v4, due to the nonexistence of 6y and 65, will
subsequently change the value of v}. Substituting (3.16), (3.17), (3.25), and (3.26) into
(3.46) yields:

* (QdM — 1>2

L = — . .4
Uy 92 (dM _ 1) Vdcl (3 7)

Substituting (3.47) into (3.25) and (3.26) yields:

03 = 2mdyy (3.48)

0y =7 (2—2dyp). (3.49)

Based on (3.16), (3.17), (3.48), and (3.49), the relationships 03 > 0; and 0,4 < 0 always
hold for dj; in the range of 0.33 < dj; < 0.5.

Based on KVL, (3.18), and (3.46), while also applying Vo = VdQCl, vz, can be determined
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as:

0.5Viger — Vaer (0560 < 6y)
0.5V3e1 — Viges (91 <f< 93)
VL = § Vi (93 <6< 94) : (3'50)

0.5Vaer — Vg (04 <0 < bp)

0.5Vie1 — Vaeo (06 < 0 < 2m)
\

From (3.50), the following trends hold in iy
e iy, rises with the rate of 0.5V, — Vgeo within the range of (0 < 6 < 63).
e iz, drops with the rate of —Vj.o within the range of (03 < 6 < 6y).

Further, the rising and dropping rates remain consistent under steady state. Since ip,
continuously rise from 6, until 27 4 03, the I, for dps in the range of 0.33 < dpr < 0.5

can be determined as:

27463
Lripple = OJL/ (0.5Vge1 — Vigeo) df = (1 —2dpr) dpyg. (3.51)

3.4.3 When 05 <d, <1

Based on Fig. 3.6, where the example of the ideal voltage and current waveforms of the

BCSAC when dj; = 0.75 is shown, the following assumptions are considered:
e 07 and 6g are the intersection points between triy; and d4s.
e 0 and 05 are the intersection points between triy; and da1.

e 03 and 60, are the intersection points between triy; and djy.

The relationships 07 < 03, 05 < 03, 64 < 6, and 05 < g hold.

Based on Fig. 3.6, 03 and 04 can be determined as:

03 = mdy (3.52)

0y = 2w — wdyy, (3.53)
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Figure 3.6: Ideal voltage and current waveforms of the BCSAC when dy; = 0.75.

where the relationship 63 < 64 always holds. Based on (3.1), vy is given by:

Vaer (0<60<03,04 <6 <2m)
UM = . 3.54
M (3.54)
0 (03 < 6 < 04)

Based on (3.7), (3.14), and (3.15), while also applying Vo = V%d, the duty ratios da;

and d 4o that have been normalized (i.e., 0 < d41 <1 and 0 < dg9 < 1) are given as:

¥

S 105 (0< < 03,0, <0< 2m)
day = Vel dy (3'55)

v¥

7lec1 (93 << 94)

e+ 1-93 (0<60 <050, <0 <2m)

day = (3.56)

\decl +1 (93<(9<94)
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Based on Fig. 3.6 and (3.55), #2 and 605 can be determined as:

vF 0.5
O = -t — 3.57
2=7 ( Vi1 N dM> (3:57)
v¥ 0.5
Os =2 — [ ——=% +>. 3.58
> ( Vier  dum (3:58)

Meanwhile, based on Fig. 3.6 and (3.56), #; and g can be determined as:

v 0.5
0, = o — 11 3.59
L= <Vdcl dy T ) (3:59)
vf 0.5
O = 2 — o —+1). 3.60
G=amoT <Vdcl dy * ) (3:60)

The value of v from 61 through 8¢ is given by:

0 (0<6<6)
Ve o (61<6<6y)
0 (62 < 6 < 65)
vA=1S Vo (03 <6<y > (3.61)
0 (s < 6 < 65)

Ve o (05 <6 <0g)

0 (96<9§2ﬂ')

\

while its average value in one switching period is zero. Similarly, considering (3.52), (3.53),

and (3.57) to (3.61) the voltage command v} can be determined as:
vi=M )y (3.62)
M
Substituting (3.62) into (3.57) and (3.58) yields:

0y = (—df + 1> (3.63)

Os =m (dg” + 1) . (3.64)
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Substituting (3.62) into (3.59) and (3.60) yields:

6, = wdTM (3.65)
dy

Based on (3.52), (3.53), and (3.63) to (3.66), the relationships 6 < 03, 03 < 03, 04 < 6,

and 05 < g always hold in the range 0.5 < djs < 1, which validates the fourth assumption.

Further, the validity of the assumptions that d 4o intersects triy; at 61 and 6g (the first
assumption), while d4; intersects triy at 62 and 65 (the second assumption), should be

confirmed. Substituting (3.62) into (3.55) and (3.56) yields:

(

—AM 11 (0<0< 05,0, <0< 2m)
dar — (3.67)

0 (03 <0 < 0y4)

Bt (0<0 <0500 <0< 2m)
e ’ (3.68)

1 (93<9<94)

where the values of d41 and dao within the range of 035 < 6 < 04 are modified due to
the normalization. From Fig. 3.6, the values of triyy at 63 and 64 correspond to dj;.
Meanwhile, the values of d4;1 at 03 and 64 are obtained from (3.67) as —dTM + 1, which
gives lower value than dj; in the range of 0.67 < dj; < 1. This signifies that the phase
A that satisfies 65 < f3 and the phase 05 that satisfies 05 > 04 only exist for dj; in the
range of 0.67 < dj;r < 1. On the contrary, —d—é” + 1 gives higher value than dj; in the
range of 0.5 < dpr < 0.67, which signifies that the phases 63 and 05 do not exist within
the range. Subsequently, the values of d42 at 05 and 64 are obtained from (3.68) as —‘gﬂ,
which always gives higher value than dj; in the range of 0.5 < dj; < 1. This signifies that
the phase 6, and 0g that satisfies #; < 03 and the phase g that satisfies 85 > 04 always
exist for dps in the range of 0.5 < dp; < 1. As such, d4o invariably intersects triy; at 6;

and fg. Considering these results, the following analysis on the switching-ripple current

will be done separately for djs in the range of 0.5 < dp; < 0.67 and 0.67 < dp; < 1.
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3.4.3.1 When 0.67 <dy <1

Based on KVL, (3.54), (3.61), while also applying Vo = %, the inductor voltage, vy,

can be determined as:

2

Viaer — Vaea (0<0<6)
0.5Vie1 — Vaea (61 <6 < 6s)
Viaer — Videa (02 <6 < 03)
UL =905V — Vaeo (3 <0 <6y) - (3.69)
Viaer — Videa (01 <0 <05)
0.5Vger — Vs (05 < 0 < )

Vaer — Vie2 (0s < 0 < 2m)

From (3.69), given that the relationship dy; = % > 0.5 holds, the following trends hold

for the inductor current, iy:

o iy, rises with the rate of V. — Vjeo within the range of 0 < 0 < 61 (= Irise1),

02 <6 < 03 (: IriseQ); 94 <0 < 05 (: Im’se?))a and 06 <46 < 27 (: Im’se4)-

o 17, drops with the rate of 0.5V4.1 — Ve within the range of 61 < 0 < 6 (= Igrop1),

03 <0 <04 (= Lirop2), and 05 < 0 < Og (= Lgrop3)-

Further, the rising and dropping rates remain consistent under steady state. Through
similar processes done in the previous section, the I;pp. for dps in the range of 0.67 <

dy <1 can be determined as:

1 2m+01 Vv
Iripple = E /6 (Vdcl - Vdc2) do = fsjl\fle
6

(1 —dar) =5 (3.70)

3.4.3.2 When 0.5 <d; <0.67

As has been explained before, the intersections between d4; and triy (i.e., 2 and 65) do

not exist for dps in the range of 0.5 < dj; < 0.67. Consequently, v4 that is given by (3.61)
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is modified into:

0 (0<60<6q)
Vo (01 <0 <03)

VA

I
|
S

(93 <6< 94) : (3.71)

Ve (94 <fh< 06)

0 (0s < 0 < 2m)

\

Substituting (3.52), (3.53), (3.65), and (3.66) into (3.71) yields:

Vier. (3.72)

Substituting (3.72) into (3.65) and (3.66) yields:

0=m (—1 + QdM) (3.73)

06 = 7 (3 — 2dys) . (3.74)

Based on (3.52), (3.53), (3.73), and (3.74), the relationships 0; < 03 and 0 > 0, always

hold for dj; in the range of 0.5 < dj; < 0.67.

Based on KVL, (3.54), and (3.71), while also applying Vo = ded, vz, can be determined

as:

Vier — Vaez (0<6<6y)
0.5Vge1 — Vigeo (91 <f< 93)
VL = 4§ 0.5V — Vigeo (93 <f< 94) . (3'75)

0.5Vger — Ve (04 < 6 < 6g)

| Vaer = Vaea (6 < 6 < 2m)

From (3.75), the following trends hold in i
o iy, rises with the rate of V.1 — V.o within the range of (0 < 6 < 6;) and (05 < 0 < 2m).
o iz, drops with the rate of 0.5V.; — Vgeo within the range of (61 < 6 < 6g).

Further, the rising and dropping rates remain consistent under steady state. Since iy,

continuously drops from 6; until 0, the I,;,,e for dys in the range of 0.5 < dp; < 0.67 can
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Figure 3.7: Theoretical results for the switching-ripple current of the BCSAC and CBC.

be determined as:

1 [ Ve
Iripple = _wL/g (0-5Vdc1 - Vdc2) do = fsj/[lL (2dM - 1) (1 - dM) . (376)
1

Based on (3.45), (3.51), (3.70), and (3.76), the maximum value for I, of the BCSAC

is obtained when d;; = % and dp; = %, which is equivalent to:

(Lrippie) gz = . (3.77)

Meanwhile, the switching-ripple current of the CBC can be determined as:

Vdcl

Lipple = Fonr L (1 —dur)das. (3.78)

Based on (3.78), the (I ippic),,q, Of the CBC is obtained when dy; = % as:

Vdcl
(Lripple) e = oL (3.79)

Based on (3.77) and (3.79), the BCSAC is able to reduce the switching-ripple current to
% of that produced by the CBC. Fig. 3.7 shows the theoretical results for the switching-

ripple current of the BCSAC (green line) and CBC (red line) under djs in the range of
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0 < dpy < 1. It shows that there is a symmetry in the switching-ripple current of the
BCSAC between that when dj; in the range of 0 < dj; < 0.5 and 0.5 < djp; < 1. Further,
the advantage of the BCSAC over the CBC is especially apparent when the operating duty
ratio is around djs = 0.5, where the relationship (va),. = (var),. holds, which eliminates

the frequency component fgps in the inductor current.

3.5 Comparison with Other Topologies

The objective of the BCSAC is to reduce the inductor volume without a significant power
loss compensation. To evaluate the performance and efficacy of the BCSAC, theoretical
comparisons on the inductor volume, chopper volume and mass, power loss, and efficiency
with the CBC, TLFC, and BCAC with three cells are carried out. The circuit config-
urations of the CBC, TLFC, and BCAC are given in Fig. 2.1, Fig. 2.2, and Fig. 2.3,
respectively. However, cost comparison is beyond the scope of this study, and should be

left for future work.

3.5.1 Inductor Volume

3.5.1.1 Assumptions Used in the Comparison

Theoretical analysis on the inductor volume is conducted for the four choppers based
on the method described in [101], [104]. The following assumptions are applied in the

analysis:
e Air-core inductors are used, where brooks coil geometry is adopted.

e The inductors operate under a maximum current capacity, Ip,q., of 1000 A and a

maximum current density, Jqz, of 2 x 106 A/m?.

e Under the same switching frequency, the same amount of ripple current is produced

by all choppers.

Air-core inductors are employed because they are widely used in choppers for electric
railways, due to their characteristics that show better size reduction in higher operating
frequencies, non-existent core saturation, and produce no iron loss [105]-[109]. Further,
the inductors is assumed to obey the Brooks coil geometry, which gives the highest possible

inductance value for a given wire length [104]. Finally, all choppers should produce the
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same amount of ripple current under the same switching frequency to do a fair comparison,

from which the inductance value for each chopper can be determined.

3.5.1.2 Comparison

The comparison of the calculated parameters of the air-core inductors for all four chop-
pers are summarized in Table 3.1. These parameters are calculated based on the set values
of the Ih4, and Jye, (the second assumption) using similar methods as those described
in [101], [104], while the parameter definitions and detailed calculation processes are pro-
vided in Appendix B.1. Considering the third assumption held in this analysis and the
theoretical results of the switching-ripple current analysis, the inductance value for each
chopper is set to L = 0.9mH for the CBC, L = 0.45mH for the TLFC, L = 0.015mH
for the BCAC with three cells, and L = 0.4mH for the BCSAC. Further, based on the
results shown in Table 3.1, the BCSAC enables the utilizations of an inductor with smaller
volume (40.73 dm?) compared to the CBC (66.09 dm?®) and TLFC (45.50 dm?®) under the
same frequency. This translates to inductor volume reductions of around 38.4% and
10.5% from the CBC and TLFC, respectively. However, the volume-reduction achieved
by the BCSAC is still lower than that achieved by the BCAC, where the required inductor

volume is 7.26 dm3.

Table 3.1: Parameters used in the inductor volume analysis

Parameter CBC TLFC BCAC BCSAC
L 0.9mH 0.45mH | 0.015mH 0.4mH
a 27.6 cm 25.6 cm 17.2cm 23.8cm
b 15.6 cm 13cm 5.2 cm 13cm
c 18.2cm 15.6 cm 7.8 cm 15.6 cm
d 25.23mm | 25.23mm | 25.23mm | 25.23 mm
d; 26 mm 26 mm 26 mm 26 mm
g 6 5 2 5
ny 7 6 3 6
n 42 30 6 30
vy, 66.09dm” | 45.50dm® | 7.26dm" | 40.73 dm®

3.5.2 Chopper Volume and Mass

3.5.2.1 Assumptions Used in the Comparison

Theoretical analysis on the chopper total volume is conducted for the four choppers under

the following assumptions:
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e The components of the chopper are consisted of the inductor, capacitor, and power

devices along with the cooling systems in both the main and auxiliary converters.

e The DC film capacitor E50.N15-323NT0 (32 pF, [0, = 50A) from Electronicon
is used, where a parallel connection of twenty capacitors is used in the auxiliary

converter, giving an equivalent capacitance value of 0.64 mF.

e Air-cooling system with heatsink is applied, where it is designed based on the CSPI
(cooling system performance index) that is set to 7.0 and its density is the same as

the density of aluminum (i.e., 2.7 g/cm3).
 Junction temperature, T}, is 125°C, while the ambient temperature, T, is 40°C.

e The power devices used in the main and auxiliary converters have the same mass.

DC film capacitor is chosen since it is widely used in electric railways due to its large
capacity, long service life, and low impedance [110]-[112]. Further, a parallel connection of
twenty capacitors is used in the auxiliary converter to account for the assumed 1,4, given
in Chapter 3.5.1 (Lq; = 1000 A). Air-cooling system is applied since it is commonly used
in electric railways, due to their simple design and cost-effective performances [113]-[115].
Further, the CSPI indicates the cooling performance per unit volume of the system, where
higher value reflects higher performances. The CSPI value is to 7.0 in the analysis [116]-
[118].

3.5.2.2 Comparison

Theoretical analysis on the chopper total volume and mass is conducted to confirm the
significance of the inductor volume reduction achieved by the BCSAC related to the ad-
ditional components required in the auxiliary converter. The volume breakdown of the
four choppers is shown in Fig. 3.8a. The volumes of the capacitor and power devices are
estimated based on the dimensions provided in [119]-[121]. Meanwhile, the volume of the
cooling system is calculated based on its CSPI value using the methods described in [101],
[122], while the detailed calculation processes are provided in Appendix B.2. Based on
Fig. 3.8a, the BCSAC has a slightly higher volume (77.21 dm®) than the CBC (76.14 dm?)
and TLFC (77.04dm?). The additional volume mainly comes from the capacitor and cool-
ing system attached to the auxiliary converter (17.02dm?® and 8.37 dm?, respectively). On
the other hand, the BCSAC is almost 20 % smaller than the BCAC (95.33 dm?).
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B Cooling System (Main Converter) [ Cooling System (Auxiliary Converter)

Figure 3.8: Breakdown of the four choppers: (a) Chopper volume, and (b) Chopper mass.
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The mass breakdown of the four choppers is shown in Fig. 3.8b. The masses of the
capacitor and power devices are provided in [119]-[121]. Meanwhile, the mass of the
cooling system is calculated based on its volume and density. Based on Fig. 3.8b, the
mass of the BCSAC (268.2kg) is around 23.6 % lower than that of the CBC (351.06 kg),
and 0.8 % lower than that of the TLFC (270.4kg). However, the BCSAC is heavier than
the BCAC (178.53 kg).

3.5.3 Power Loss and Efficiency

3.5.3.1 Assumptions Used in the Comparison

Theoretical analysis on the power loss and efficiency is conducted for the four choppers

under the following assumptions:

The deadtimes of the main and auxiliary converters are zero.

e The DC inductor current is positive and constant, while the DC-capacitor voltage

is constant.

o The IGBT (insulated-gate bipolar transistor) power modules 1IMBI1000UG-330 (Si-
IGBT, 1-in-1, 3.3kV) from Fuji Electric and CM1000DX-24T (Si-IGBT, 1-in-1,

1.2kV) from Mitsubishi Electric are used.

o The conduction losses of the IGBT and the FWD (free-wheeling diode), the switching
loss of the IGBT, the reverse recovery loss of the FWD, and the inductor loss are

considered.

The IGBT power modules are selected based on the required voltage rating in real appli-
cations of the BCSAC. For the 1MBI1000UG-330 model, two modules are used in each of
the CBC, the TLFC, and the main converters of both the BCAC and BCSAC. Meanwhile,
for the CM1000DX-24T model, two modules are used in the TLFC, twelve modules are
used in the three-cells auxiliary converter of the BCAC, and four modules are used in the
full-bridge auxiliary converter of the BCSAC. The calculation for the losses utilize approx-
imated values that are based on the specifications of the IGBT power modules that can
be found in [119], [120]. The approximations data and the explanations on the calculation

processes are given in Appendix C.
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Table 3.2: Parameters used in the power loss and efficiency analysis

Parameter ‘ Description ‘ Value
ALL
P Rated power 1.5 MW
\ 71 DC-voltage source 1 (high-voltage side) 1.5kV
Vide2 DC-voltage source 2 (low-voltage side) 0.3kV and 1.2kV
I Switching frequency of the chopper 5kHz
fsm Switching frequency of the main converter 5kHz
fsa Switching frequency of the auxiliary converter 5kHz
CBC
L ‘ Inductance 0.9mH
TLFC
L Inductance 0.45 mH
Ve DC-capacitor voltage 0.75kV
BCAC
L Inductance 0.015mH
Ve DC-capacitor voltage 0.45kV
BCSAC
L Inductance 0.4mH
Ve DC-capacitor voltage 0.75kV

3.5.3.2 Comparison

The parameters used in the power loss and efficiency analysis for all four choppers are sum-
marized in Table 3.2. The rated power is set to P = 1.5 MW with V.1 = 1.5kV, which is
the typical DC voltage supply used for the electric railway systems in Japan [123]. Mean-
while, V.o is alternated between 0.3 and 1.2kV to conduct the analysis under different
values of djs based on (3.13). All choppers operate under the same switching frequency at
5kHz. It should be noted that for the TLFC, the equivalent switching frequency could be
2frrrc, depending on the relationship between Vj;.; and Vye.o. The inductance values are
set to be the same as in Chapter 3.5.1. Finally, V¢ is set to be half of V.1 at Vo = 0.75kV

for the TLFC and BCSAC, while it set to Vo = 0.45kV for the BCAC.

The power loss breakdowns of the four choppers under two different duty ratios (i.e.,
dyr = 0.2 and dj; = 0.8) are shown in Fig. 3.9. From Figs. 3.9a and 3.9b, the CBC loses
around 7.8 kW of power in total, in average, for the maximum power rating under both
dpr values, and it is spread almost evenly among the conduction loss (3.1kW), switching
loss (2.1kW), and inductor loss (2.6 kW). From Figs. 3.9c and 3.9d, the total power loss
of the TLFC is slightly higher at 8.8 kW, in average, where the majority comes from the

conduction loss (5.3kW), followed by the switching loss (1.8kW) and the inductor loss
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(1.7kW). Meanwhile, from Figs. 3.9e and 3.9f, the BCAC produces a significantly higher
loss (19.5kW), in average, which is more than doubled those of the CBC and TLFC.
Most of it comes from the additional auxiliary converter that is equipped with three
cells (14.2kW). However, the BCAC is able to reduce the inductor loss compared to the
previous two topologies (0.2kW). In comparison, from Figs. 3.9g and 3.9h, the BCSAC
produces a total power loss of around 11.7 kW, which is significantly less than that of the
BCAC, but still slightly higher than those of the CBC and the TLFC. The reason is that
the loss produced by the auxiliary converter in the BCSAC (5kW) is significantly less
than that of the BCAC. In addition, the BCSAC produces lower inductor loss (1.6 kW)
than the CBC and TLFC.

The efficiencies for all choppers are calculated based on the results of the power loss
analysis and shown in Fig. 3.10, where red line indicates the CBC, blue line indicates
the TLFC, brown line indicates the BCAC, and green line indicates the BCSAC. From
Fig. 3.10a, the BCSAC is able to perform at around 97 %, in average, under dy; = 0.2.
This is higher than the average efficiency of BCAC at 95 %, but lower than those of CBC
and TLFC at 98 %. From Fig. 3.10b, the BCSAC is able to perform at around 99.2 %, in
average, under dj; = 0.8. This is higher than the average efficiency of BCAC at 98.7 %,
but lower than those of CBC and TLFC at 99.5% and 99.4 %, respectively.

The comparison results between the four choppers are summarized in Table 3.3. Over-
all, there is a trade-off between the inductor volume, chopper dimensions, and the power
loss (i.e., efficiency) of the BCSAC, compared to the other three topologies. More specif-
ically, compared to the BCAC, the BCSAC is smaller in volume and able to produce
significantly lower power loss, but it is heavier and achieves less reduction in the inductor
volume. On the other hand, the BCSAC produces higher power loss compared to the
CBC and TLFC. However, considering the reduction in the inductor volume that can be
achieved by the BCSAC, the slightly lower efficiency to the CBC and TLFC is a minor
issue. In addition, the mass reduction achieved by the BCSAC could reduce the energy
required to move the vehicle, which could potentially give positive impact to the overall

energy efficiency of the vehicle.
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Figure 3.9: Loss breakdown of (a) CBC when V.0 = 0.3kV, (b) CBC when Vg5 = 1.2kV,
(¢c) TLFC when Vg = 0.3kV, (d) TLFC when Vi = 1.2kV, (e) BCAC when Vi =

0.3kV, (f) BCAC when V. = 1.2kV, (g) BCSAC when Vj.o = 0.3kV, (h) BCSAC when
Vi = 1.2kV.

Table 3.3: Comparison results between the BCSAC, CBC, TLFC, and BCAC

Comparison BCSAC CBC TLFC BCAC
Inductor volume | 40.73dm® | 66.09dm® | 45.50dm® | 7.26dm’
Chopper volume | 77.21dm? | 76.14dm? 77.04dm?® | 95.33dm?

Chopper mass 252.59 kg 342.99 kg 258.78 kg 149.01 kg

Power loss 11.7kW 7.TkW 8.8 kW 19.5 kW

Efficiency 96-99.3% | 97.2-99.6 % | 97.4-99.5% | 94-99 %
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Figure 3.10: Efficiency of the four choppers when: (a) V. = 0.3kV (dys = 0.2), (b) Vi =
1.2kV (dy; = 0.8).

3.6 Experimental Results

To validate the result obtained from the theoretical analysis, as well as the operations
and controls of the BCSAC, experiments are conducted using a down-scaled model in a
controlled environment. This Chapter discusses the experimental results on the switching-

ripple current, steady-state operations, and transient-state operations.

3.6.1 Experimental Configuration and Conditions

The 2kW down-scaled model of the BCSAC used to conduct the experiments is shown in

Fig. 3.11. The model is set as the following:

e The DC-voltage sources Vg1 and Vg are connected to either of DC-power supply

KIKUSUI PAT160-50T or HEADSPRING biATLAS-5D525.
o The reference value for the DC-capacitor voltage is set to V4 = 75V.

e An air-core inductor with linear frequency characteristics and an inductance value
of L = 0.395mH is used, while the switching frequencies of the main and auxiliary

converter are accordingly set to 5kHz (i.e., foar = fsa = 5HkHz).

e The reference values for the inductor current can be alternately set to positive and
negative values. Positive current means that the power direction is from V.1 to Vo,

while negative current means the opposite.

e The controls of the BCSAC are achieved using a combination of Texas Instru-
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Figure 3.11: Experimental setup of the BCSAC using the down-scaled model.

ments TMS320C6678 as the DSP (digital signal processor) and Altera Cyclone IV E
EP4CE30F29C7 as the FPGA (field-programmable gate array). The FPGA is used
to generate the triangular carriers and to compare the duty ratios (i.e., dys, da1, and

d 42) with the triangular carriers.

e The experimental waveforms are taken using Tektronix oscilloscope DPO4104B-L
with a frequency band of 1 GHz. i, is measured using the Tektronix current probe
TCP0020 with a frequency band of 50 MHz, while vy, va, vr, and vo are measured
using the Tektronix high-voltage differential probes THDP0200 with a frequency
band of 200 MHz.

Further, the following experiments are carried using the down-scaled model under the

experimental parameters listed in Table 3.4:

1. Ripple current values (including those of the CBC) when Vg1 = 150V, i} = £10A,

and v¢ is initially charged to 75'V.

2. Steady-state operation when Vg = 150V, Ve = 65V, 77 = 20 A, and vc is initially

charged to 75 V.
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3. Steady-state operation when Vge; = 150V, Vi = 85V, i} = —20A, and v¢ is

initially charged to 75'V.
4. Transient behavior during initial charging of vo from 0V to 75 V.
5. Transient behavior during step change of Vg from 65V to 75 V.

It should be noted that the down-scaled model used to conduct the experiments comes
with several limitations that could affect the produced power loss, including parasitic
effects, loss distributions, and devices characteristics [124]-[126]. Thus, experiments to
verify power loss and efficiency of the BCSAC are not done in this paper, and should be
deferred for future research.

Table 3.4: Parameters of the experiments

Parameter Description Value
P Rated power 2kW
Vel DC-voltage source 1 (high-voltage side) 150V
L Inductance 0.395 mH
C Capacitance 0.4mF
Vo DC-capacitor voltage BV
fsm Switching frequency of the main converter 5kHz
fsa Switching frequency of the auxiliary converter 5kHz

3.6.2 Switching-Ripple Current Verification

The results of the theoretical switching-ripple current obtained from (3.45), (3.51), (3.70),
(3.76), and (3.78), and the experimental switching-ripple current for the CBC and the
BCSAC based on the values of dj; under positive and negative currents are given in
Fig. 3.12. The theoretical and experimental switching-ripple currents of the CBC are
illustrated by the red line and black crosses, respectively, while those of the BCSAC are
illustrated by the green line and brown crosses, respectively. The experimental results are
obtained under Vy.; = 150V and wv¢ is initially charged to 75V, while V. is gradually
changed from 30-140V to alter the dj;. The reference values of the inductor current are
set to i7 = 10 A in Fig. 3.12a and 77 = —10 A in Fig. 3.12b. Positive current implies that
the current flows from the high-voltage side to the low-voltage side, while negative current
implies that the current flows from the low-voltage side to the high-voltage side.

It can be seen from Fig. 3.12 that the experimental results agree well with the the-

oretical results for both choppers. Fig. 3.12a shows that the maximum experimental
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—— Conventional bidirectional chopper (Theory)
X  Conventional bidirectional chopper (Experiment)
— Bidirectional chopper with single auxiliary converter (Theory)
% Bidirectional chopper with single auxiliary converter (Experiment)

Figure 3.12: Theoretical and experimental ripple currents of CBC and BCSAC under
Vier =150V: (a) i = 10A, (b) i7 = —10A.

93



CHAPTER 3. BIDIRECTIONAL CHOPPER WITH SINGLE FULL-BRIDGE
AUXILIARY CONVERTER

100 ps/div.
>
o o !
| ve (50 V/div) 8
5V
= |
oV, . 100 V/di
—> i L vy ( iv) 150V
( ~
3 L I | L 1 | l & 0 V
L3/ T ;s T T i T <
20A | i (10 A/div) o o ]
“v
d 75V
%

Figure 3.13: Experimental waveforms for the steady-state operation of the BCSAC under
Vier = 150V, Vyeo =65V, and i} = 20 A.

switching-ripple current under i} = 10 A for the CBC is 19 A (when dy; = 0.47), while
that for the BCSAC is around 8.8 A (when dj; = 0.32 or 0.65). Fig. 3.12b shows that the
maximum experimental switching-ripple current under i; = —10 A for the CBC is 19.2 A
(when dp; = 0.49), while that for the BCSAC is around 8.7 A (when djs = 0.35 or 0.68). In
comparison, the maximum value for the theoretical ripple current of the BCSAC obtained
from (3.77) is 8.4 A. The reason why there are small differences between the theoretical
and experimental ripple currents for the BCSAC is the omission of v} in the theoretical
analysis. This affects the calculation of djs, which consequently affect the calculation of

I ippie. However, the differences are negligible if compared to the value of ..

3.6.3 Steady-State Operations
3.6.3.1 Operation under Positive iy

The steady-state experimental waveforms of the BCSAC under Vj.; = 150V, Vieo =65V,
and i; = 20A are given in Fig. 3.13. Positive current implies that the current flows
from the high-voltage side to the low-voltage side. The main converter voltage, vy, is a
rectangular wave with DC and AC components, which alternates between Vyq (= 150V)
and 0. Further, djs is indicated to be 0.48, which is higher than the theoretical value of

0.43 obtained from (3.13). The small difference between the experimental and theoretical
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Figure 3.14: Experimental waveforms for the steady-state operation of the BCSAC under
Vier = 150V, Vo =85V, and i = —20A.

results is due to the existence of v; in the main converter control shown in Fig. 3.3.
Meanwhile, the auxiliary converter voltage, v4, alternates between —Vi (= —75V), 0,
and Vo (=75V).

From Fig. 3.13, the DC-capacitor voltage, v, can be regulated at 75V (= %) with
no steady-state error. Similarly, the inductor current, iy, can be regulated to its reference
value at 20 A with no steady-state error. Further, the ripple current of iy, is shown to be
1.89 A, which agrees well with the theoretical peak-to-peak ripple current for dj; in the
range of 0.33 < dp < 0.5 obtained from (3.51) at 1.46 A. The small difference in the

experimental and theoretical values for the ripple current is caused by the v% in the main

converter control.

3.6.3.2 Operation under Negative if,

The steady-state experimental waveforms of the BCSAC under Vy.; = 150V, Vieo =85V,
and i; = 20A are given in Fig. 3.14. Negative current implies that the current flows
from the low-voltage side to the high-voltage side. The main converter voltage, vy, is a
rectangular wave with DC and AC components, which alternates between V., (= 150V)
and 0. Further, d;s is indicated to be 0.53, which is lower than the theoretical value of

0.57 obtained from (3.13). The small difference between the experimental and theoretical
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Figure 3.15: Experimental waveforms during the initial charging procedure of the BCSAC
under Vy.; = 150V and Vyo = 75 V.

results is due to the existence of vy in the main converter control shown in Fig. 3.3.
Meanwhile, the auxiliary converter voltage, v4, alternates between —Vi (= —75V), 0,
and Vo (=75V).

From Fig. 3.14, the DC-capacitor voltage, vc, can be regulated at 75V (= %) with
no steady-state error. Similarly, the inductor current, iy, can be regulated to its reference
value at —20 A with no steady-state error. Further, the ripple current of i; is shown to
be 1.45 A, which agrees well with the theoretical peak-to-peak ripple current for dj; in
the range of 0.5 < djs < 0.67 obtained from (3.76) at 2.14 A. The small difference in the
experimental and theoretical values for the ripple current is caused by the v in the main

converter control.

3.6.4 Transient-State Operations

3.6.4.1 Operation during the Initial Charging of vo

The transient experimental waveforms of the BCSAC during initial charging procedure
under Vg.; = 150V and Vg9 = 75V are shown in Fig. 3.15. Since V. is set as the high-
voltage side, while V.o is the low-voltage side, V.1 is used to charge the capacitor. To
send the power from V. to the capacitor, the full-bridge auxiliary converter is operated in

charging mode during the initial state of the operation, where Ss and Sg are ON, while Sy
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Figure 3.16: Experimental waveform during a step change in the Vj. from 65V to 75V
of the BCSAC under Vj.; = 150V and 7 = 20 A.

and S5 are OFF. Meanwhile, in the main converter, Ss is always OFF, and S; is controlled
to charge the capacitor voltage, vo. Specifically, the duty ratio of S1, dps, is determined
using the traditional PI control to apply feedback control, where v¢ is changed from zero
to 75V in 300ms. After vo reaches 75V, the BCSAC operates normally, and iy goes
from zero to 20 A in approximately 40ms. It can be seen from Fig. 3.15 that the initial
charging procedure can be completed with neither overvoltage nor overcurrent occuring

in the process.

3.6.4.2 Operation during the Step Change in V.

The transient experimental waveforms during a step change in the Vg of the BCSAC
under Vg = 150V and i} = 20 A are shown in Fig. 3.16. It can be seen that V.o changes
from 65V to 75V in 20ms with no overvoltage. There is a slight drop in the inductor
current, i, at the initial part of the step change. This is because the increase in V.o
inversely affects the inductor voltage, vy. Further, the ripple current is increased when
Vieo is changed. This is because the change in V. increases dys, added by the existence of
v}, which consequently affects the resulting ripple current. Meanwhile, the DC-capacitor
voltage, v, can be stably regulated with no error even during the transient state (i.e.,

step change).
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3.7 Conclusion

This Chapter presents the proposal of a bidirectional chopper with a single full-bridge
auxiliary converter (BCSAC) to reduce the inductor volume without a significant power
loss compensation. The BCSAC consists of a conventional bidirectional chopper (CBC) as
its main converter, a single-phase full-bridge converter equipped with a floating capacitor
as its auxiliary converter, and an inductor. The auxiliary converter functions as an active
power filter that cancels the AC voltage produced by the main converter, which reduces the
switching-ripple current in the inductor. Further, in order to produce less power loss than
the bidirectional chopper with an auxiliary converter (BCAC), the DC-capacitor voltage
in the BCSAC is set to be half of the DC-voltage-source voltage of the high-voltage side,
Vie1, and the switching frequencies of the main and auxiliary converters are set to be
the same. Although these settings can potentially results in an increased switching-ripple
current, theoretical analysis has shown that the BCSAC is able to reduce the maximum
switching-ripple current to % of that the CBC. Consequently, the inductor volume can
be reduced by 38.4% and 10.5 % compared to the CBC and three-level flying capacitor
converter (TLFC), respectively. Overall, the BCSAC is smaller in volume than the BCAC
and lighter than the CBC and TLFC. Further, loss analysis has shown that the BCSAC
produces significantly lower power loss than the BCAC, which is only slightly higher
than the CBC and TLFC. Thus, high efficiency performance can be achieved. Finally,
experimental results using a 2kW down-scaled model has verified the theoretical analysis
results of the switching-ripple current, as well as the operations and controls of the BCSAC
in the steady states under both positive and negative currents, and transient states, i.e.,

during the initial charging procedure and under a step change.
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Chapter 4

Evaluation of Phase Shift
Application in BCSAC

This Chapter proposes the application of phase shift to the carrier waveforms of the main
and auxiliary converters in the bidirectional chopper with a single full-bridge auxiliary
converter (BCSAC) to further reduce the switching-ripple current produced by the chop-
per, while similarly focusing on its implementation in electric railways. In this Chapter,
the circuit configuration and operating principle of the BCSAC-PS are presented. The
control methods for both the main and auxiliary converters are explained. Theoretical
analysis and comparison on the switching-ripple current, inductor volume, chopper volume
and mass, power loss, and efficiency with other topologies, including the results given in
Chapter 3, are given to validate the significance of phase shift application in the BCSAC.
Finally, the validity of the theoretical analysis on the switching-ripple current is confirmed

through an experiment using a 2kW down-scaled model.

4.1 Circuit Configuration and Operating Principle

4.1.1 Circuit Configuration

The circuit configuration of the BCSAC-PS is shown in Fig. 4.1a, which is the same as
that shown in Chapter 3.1. In the BCSAC-PS, the main converter carrier, triyg, lags
the auxiliary converter carrier, trip, by 90°, as shown in Fig. 4.1b. The application
of phase shift to the carriers is intended to further reduce the switching-ripple current

produced by the BCSAC. To confirm this point, the results of the theoretical analysis
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on the switching-ripple current is given in Chapter 4.3. The other operating conditions
used in this Chapter is the same as that used in Chapter 3 with the same objective, i.e.,
to minimize the produced power loss in the chopper. The DC-capacitor voltage is set to
be half of the DC-source voltage at the high voltage side (i.e., Vo = %) Meanwhile,
the relationship fgas = fga holds, where fgas indicates the frequency of triyg, while fga

indicates the frequency of tria.

Augxiliary converter

é §i3
5 [
: [
Ss  C S
: Va2
: | S S
Main converter : 3 |4‘
o=
S i R SO i var .
ip L
YYY
-« -«
z sl
‘|' TVdCZ
(a)
1 -
tri A
triy
0 T 2 3n 47

(b)
Figure 4.1: The BCSAC-PS: (a) Circuit configuration, (b) Carrier waveforms
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4.1.2 Operating Principle

The operating principle of the BCSAC when phase shift is applied is the same as that

explained in Chapter 3.2.2. When the deadtime is zero, vys in the BCSAC-PS is given by:

Vdcl (Sli ON, S2: OFF)
UM — . (4.1)
0 (S1: OFF, Sy: ON)

If the duty ratio of S; is assumed to be djs, the DC component of vy, (var),,., is given by:

(vm) g = dmVaer- (4.2)
From (4.1) and (4.2), the AC component of vys, (var),. can be determined as:

(1 - dM) Vdcl (Sli Ol\I7 SQZ OFF)
(VM) 4o = . (4.3)
_dMVdcl (Sli OFF, SQI ON)

Meanwhile, for the auxiliary converter to function as an active power filter, its AC output

has to be equal to that of the main converter (i.e., (va),. = (var) so that the AC

(IC)7
component in the inductor can be reduced to zero. Considering that (var),. has the
maximum value of V. and the minimum value of —Vjy.; based on (4.3), (va),,. should

have the same maximum and minimum values. When overmodulation is considered, (v4),,..

when 0 < djs < 0.5 is given by:

0-5Vdcl (Sli ON, SQ: OFF)
(V4) g = ) : (4.4)
—dpVaer + D05y, (S): OFF, Sy: ON)

Meanwhile, when 0.5 < dj; <1, it is given by:

" (1 — dar) Vaer + D=50a05y, (S ON, Sy: OFF) W
VA)ge = . .
—0.5Vd01 (Sli OFF, Sgi ON)

Based on (4.3), (4.4), and (4.5), the relationship (va4),. = (vam),,. holds when dps = 0.5.

In this situation, the frequency component fgys contained in (vas),, is canceled out by the
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auxiliary converter so that no frequency component of fgys exists in the inductor current.
On the contrary, the relationship (va),. = (vam),. does not hold when dps # 0.5. In this

situation, the frequency component of fg;; remains in the inductor current.

4.2 Control Method

The control methods of the BCSAC-PS are basically the same as the ones for the BCSAC
given in Chapter 3.3. The DC-capacitor voltage control is performed by the main con-
verter, while the auxiliary converter is used to achieve the inductor current control. Sim-

ilarly, the resulting duty ratio of Sy, djs, can be expressed as:

. vp + Vaeo

d
M Vdcl

(4.6)

with a maximum value of +1 and a minimum value of zero. The detailed explanation on the
principle of the DC-capacitor voltage control has been given in Chapter 3.3.1. Meanwhile,

the resulting duty ratios of Sg and S5, d41 and das, respectively, can be expressed as:

—U; + U*B + (UA)ac

da1 = 4.
Al o (4.7)
v —vh — (v
dap = 0B = (WA)ac (4.8)
vC

with a maximum value of +1 and a minimum value of —1. The detailed explanation on

the principle of the inductor current control has been given in Chapter 3.3.2.

4.3 Theoretical Analysis on Switching-Ripple Current

The objective of the application of phase shift to the BCSAC is to further reduce the
switching-ripple current in the inductor. To evaluate the achievement of that objective,

theoretical analysis of the switching-ripple current is conducted.

4.3.1 Assumptions Used in the Analysis

The theoretical analysis of the switching-ripple current in this Chapter is conducted under

similar assumptions as those applied in Chapter 3.4:

« Steady-state operation with no power loss is considered (i.e., vj; = 0).
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e The deadtimes of the main and auxiliary converters are zero, which is held when the

deadtime is sufficiently shorter than the switching period.

e The relationship Vo = % holds, where the AC component in the DC-capacitor

voltage is assumed to be zero.

Under the first assumption, d; becomes:

. Vch

dy = . 4.9
M Vdcl ( )
Further, d41 and d 9 obtained from (4.7) and (4.8) becomes:
day = 0T (V) (4.10)
e,
day = 0 W)ae (4.11)
vc

In the following analysis, dj; is compared with triy;, while d41 and d49 are compared
with triy. Further, considering the difference of the (v4),. equations relative to dj, the
theoretical analysis on the switching-ripple current is done separately for dj; in the ranges

of 0 <dp <0.5and 0.5 <dy <1.

4.3.2 When 0<d;; <0.5

The example of the ideal voltage and current waveforms of the BCSAC-PS when dj; = 0.25

is shown in Fig. 4.2, where the following assumptions are considered:
e 01 and 64 are the intersection points between triy; and djy.
e ()5 is the intersection point between trip and dgs.
e 03 is the intersection point between triy and da;.
e The relationships #; < 0 and 63 < 6, hold.
Based on Fig. 4.2, 61 and 04 can be determined as:
0, = mdy (4.12)
04 =21 — mdyy, (4.13)
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Figure 4.2: Ideal voltage and current waveforms of the BCSAC-PS when dj; = 0.25.

where the relationship 6; < 64 always holds. Based on (4.1), vy is given by:

Vier (0<60<061,04 <6< 2m)
M = . (4.14)
0 (61 <6 <6y

Based on (4.4), (4.10), and (4.11), while also applying Vo = V%d, the duty ratios d 41

and d 4o that have been normalized (i.e., 0 < dy; <1 and 0 < dyo < 1) are given by:

(

vy +1 (0§9<91,94<9§2ﬁ)

dA]_ = Vel (415)
7Vlc)licl +dﬁgil+1 (01 §9§94)
v} (0<6<6,0, <6< 2m)

dAQ = Vdcl | (416)
Vi~ ey (010 <04)
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Based on Fig. 4.2 and (4.15), 03 can be determined as:

v¥ 0.5 1
0y — i 2. 417
3 ”(Vdd dM—1+2> (4.17)

Meanwhile, based on Fig. 4.2 and (4.16), 62 can be determined as:

vF 0.5 3
0y = -t _— . 4.1
D) 7r< Vdc1+dM_1+2> (4.18)

Further, the value of v4 from 67 through 6, is given from Fig. 4.2 by:

¢

Ve (0<6<6)

0 (91<6§92)

vA=19-Vo (6 <0<03) - (4.19)

0 (B3<6<8y

Vo (94 <fg< 271')

In the auxiliary converter control using DC component-based control, the voltage com-
mand v} is adjusted so that v4 under the steady-state contains only the AC component
(i.e., it should average zero in one switching period). Thus, considering (4.12), (4.13),

(4.17), and (4.18), v} can be determined as:

N (QdM—l) dy

V= 1) Ve (4.20)

Substituting (4.20) into (4.18) and (4.17) yields:
Oy =7 (—dp + 1) (4.21)
93 =T (dM + 1) . (4.22)

Based on (4.12), (4.13), (4.21), and (4.22), the relationships 61 < 03 and 03 < 6, always

hold in the range 0 < dp; < 0.5, which validates the fourth assumption.

Further, the validity of the assumptions that dao intersects trip at fy (the second

assumption), while d4; intersects triy at 03 (the third assumption), should be confirmed.
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Substituting (4.20) into (4.15) and (4.16) yields:

—dy — 225+ (0<0< 01,0, <6 <2m)

Ay = (dv—1) T 2 (4.23)
—dy + (01 <0 <0y)

\

dv+ 7225 +3 (0<60<61,00<6<2m)

das = (4.24)

dv + % (01 <0< 0y)

From Fig. 4.2, the values of triy; at 61 and 64 correspond to dj;. Meanwhile, the value
of dao at 0; is obtained from (4.24) as dy + %, which always gives higher value than dy
in the range of 0 < dj; < 0.5. This signifies that the phase 6> that satisfies 02 > 6
always exists for da; in the range of 0 < djs < 0.5. Meanwhile, the value of da; at 64 is
obtained from (4.23) as —dps + %, which only gives higher value than dj; in the range of
0 < dp; < 0.25. However, when the phase shift applied to trip is considered, the phase 63

that satisfies 63 < 6,4 similarly always exists for dj; in the range of 0 < dp; < 0.5.

Based on KVL, (4.14), (4.19), while also applying Vi = ng, the inductor voltage, vy,

can be determined as:

v, = vp — VA — Va2
4

0.5Vier — Vaez (0560 <64)

—Vie2 (01 <0 <6s)
= §0.5Vaer — Var (62 <0 <63) - (4.25)
—Vie2 (03 <60 <0,4)

0.5Vier — Vaeo (04 < 6 < 2m)

From (4.25), given that the relationship dy; = % < 0.5 holds, the following trends hold

for the inductor current, i:

o iy, rises with the rate of 0.5Vy.y — Vo within the range of 0 < 0 < 01 (= Irise1),

o < 0 < 03 (: Irise2)7 and 04 <0 <27 (: IriseS)-

iy, drops with the rate of —Vje. within the range of 1 < 0 < 6 (= Igrop1) and

93 <0<, (: Idrop2)'
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Further, the rising and dropping rates remain consistent under steady state. From (4.12)

and (4.25), I ise1 is given by:

1 [0 Vier (1 —2dyy)day
Lise1 = — SVier — Vigeo) df = ) 4.2
1 wL/O (0.5Vae1 — Vige2) oL 5 (4.26)
From (4.12), (4.21), and (4.25), I4rop1 is given by:
Lot =~ [ v do = Y (19,4 (4.27)
dropl — oL o, dc2 = 2f5’ML M) @M - .
From (4.21), (4.22), and (4.25), I ;se2 is given by:
[ 93(051/ Vi) d) =~ (1 9y d (4.28)
rise2 — wl 0, . dcl dc2 - 2fSML M) QWM - .
From (4.22), (4.13), and (4.25), I4op2 is given by:
I —1/04(1/ Vo = VA (1 _9q,)d (4.29)
drop2 — oL 0, dc2 = 2fSML M) QM- .
From (4.13), and (4.25), I,ises is given by:
1 (% Vaer (1 —2dpr)das
Lises = — | (0.5Vge1 — Vi) 6 = . 4.30
2= oL, (0.5Vger — Vige2) oL 5 (4.30)

Based on (4.26) to (4.30), the relationship lgrop1 = Irise2 = larop2 > Iriset = Irises
always holds for djs in the range of 0 < dj; < 0.5. As such, the peak-to-peak ripple

current, Ip;ppe, in the given range is determined as:

(1 — 2day) das. (4.31)

4.3.3 When 05<dy, <1

The example of the ideal voltage and current waveforms of the BCSAC-PS when dj; = 0.75

is shown in Fig. 4.3, where the following assumptions are considered:
e # is the intersection point between triy and da;.
e 0 and 63 are the intersection points between triy; and djy.

e 04 is the intersection point between trip and dgs.
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du
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Figure 4.3: Ideal voltage and current waveforms of the BCSAC-PS when dj; = 0.75.

e The relationships 0, < 0 and 63 < 6, hold.

Based on Fig. 4.3, 2 and 63 can be determined as:

92 = ﬂ'dM (432)

03 = 2w — wdyy, (4.33)

where the relationship 02 < 65 always holds. Based on (4.1), vy is given by:

Vier (0<60<65,03 <6 <2m)
vy = . (4.34)

0 (03 < 0 < 03)

Based on (4.5), (4.10), and (4.11), while also applying Vo = Vd;l, the duty ratios da;
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and d 4o that have been normalized (i.e., 0 < dyg; <1 and 0 < dy9 < 1) are given by:

(

e+ 05 (0< 0 < 05,05 <0< 2m)
dAl _ Vdcl d}% (435)
— (62 < 6 < 65)

¢

v} 0.5
4] — 32 (0§0§92,93§0§2ﬂ')
dag = 4 V%! du . (4.36)
,U*

Vdicl +1 (02 <f< 93)

Based on Fig. 4.3 and (4.35), #; can be determined as:

05 1
91:7T<_ Yi +—>. (4.37)

Meanwhile, based on Fig. 4.3 and (4.36), 64 can be determined as:

v 0.5 5
0, = o — . 4.38
1= (Vdcl dy * 2) (4.38)

Further, the value of v4 from 6; through 6, is given from Fig. 4.3 by:

Ve (0<60<061)

0 (91<9§92)

vA=19 Ve (B, <0<6s)- (4.39)

0 (93<0§94)

Ve (04 < 2m)

Similarly, the voltage command v} is adjusted so that v4 under the steady-state con-
tains only the AC component (i.e., it should average zero in one switching period). Thus,

considering (4.32), (4.33), (4.37), and (4.38), v} can be determined as:

2y — 1) (dps — 1
v = (2dy = 1) (du )Vdcl- (4.40)
2dpy
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Substituting (4.40) into (4.37) and (4.38) yields:

0y =7 (—dys + 1) (4.41)

Oy = (dps +1) . (4.42)

Based on (4.18), (4.17), (4.41), and (4.42), the relationships #; < 62 and 03 < 6, always

hold in the range 0.5 < djs < 1, which validates the fourth assumption.

Further, the validity of the assumptions that d4; intersects triy at 6; (the first as-
sumption), while d4s intersects triy at 64 (the third assumption), should be confirmed.

Substituting (4.40) into (4.35) and (4.36) yields:

/

—dy + 3 (0<0< 6,05 <6< 2m)

da1 = (4.43)
\—dM—%Jrg (62 < 6 < 63)
dv — % (0<60<09,05<6<2m)

das = . (4.44)
\dM+%—% (62 < 6 < 63)

From Fig. 4.3, the values of triyr at 6 and 03 correspond to dps. Meanwhile, the value of
day at O is obtained from (4.43) as —dps + %, which only gives lower value than dj; in
the range of 0.75 < dj; < 1. However, when the phase shift applied to trip is considered,
the phase 0, that satisfies 81 < 0, always exists for djs in the range of 0.5 < dj; < 1.
Meanwhile, the value of d4o at 03 is obtained from (4.44) as dy; — %, which always gives

lower value than djs in the range of 0.5 < dj; < 1. This signifies that the phase 6, that

satisfies 04 > 03 always exists for da; in the range of 0.5 < dp; < 1.

Based on KVL, (4.34), (4.39), while also applying Vo = %, the inductor voltage, vy,
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can be determined as:

v, = vp — vA — Vigeo
r0-5Vdc1 —Vaez (0<6<6y)

Viaer — Videa (61 <0< 02)
= 10.5Vaer — Va (62 <0 < 63) - (4.45)

Vier — Vaez (03 < 0 < 04)

0-5Vdc1 — Vdcg (94 <46 < 27T)

From (4.45), given that the relationship dy; = % > 0.5 holds, the following trends hold

for the inductor current, i:

e iy, rises with the rate of V. — Vo within the range of 6 < 6 < 6y (= Iis1) and

03 <0 < 04 (: IriseQ)-

e iy, drops with the rate of 0.5V — Vieo within the range of 0 < 6 < 01 (= Igrop1),

0y < 6 <03 (: Idmpg), and 04 < 0 <27 (: IdropB)-

Further, the rising and dropping rates remain consistent under steady state. Through
similar processes done in the previous section, the I,;,,. for dy; in the range of 0.5 <

dyr < 1 can be determined as:

1o Vel
Im’pple - E A (Vdcl - Vch) do = 2fSML
3

(2dpr — 1) (1 — dyg) - (4.46)

4.4 Comparison with Other Topologies

When phase shift is applied in the BCSAC and the switching-ripple current is further
reduced, it will correspondingly reduce the inductor volume, chopper volume and mass,
and potentially the power loss in the chopper. To evaluate the achievement of that ob-
jective, theoretical comparisons on the inductor volume, chopper volume and mass, power
loss, and efficiency are carried out between the BCSAC-PS, CBC, TLFC-PS (TLFC with
phase shift), and BCSAC. However, cost comparison is beyond the scope of this study,

and should be left for future work.
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4.4.1 Assumptions Used in the Comparison

The comparison of the switching-ripple current in this Chapter uses the results obtained
in Chapter 4.3. Meanwhile, the theoretical analysis of the inductor volume is conducted

under similar assumptions as those applied in Chapter 3.5.1:
e Air-core inductors are used, where brooks coil geometry is adopted.

e The inductors operate under a maximum current capacity, Ip,q., of 1000 A and a

maximum current density, Jpqz, of 2 x 108 A / m?2.

e Under the same switching frequency, the same amount of ripple current is produced

by all choppers.

Additionally, the theoretical analysis of the chopper volume and mass is conducted under

similar assumptions as those applied in Chapter 3.5.2:

The components of the chopper are consisted of the inductor, capacitor, and power

devices along with the cooling systems in both the main and auxiliary converters.

o The DC film capacitor E50.N15-323NT0 (32 pF, I,4; = 50A) from Electronicon
is used, where a parallel connection of twenty capacitors is used in the auxiliary

converter, giving an equivalent capacitance value of 0.64 mF.

e Air-cooling system with heatsink is applied, where it is designed based on the CSPI
that is set to 7.0 and its density is the same as the density of aluminum (i.e.,

2.7g/cm3).

 Junction temperature, T}, is 125°C, while the ambient temperature, T, is 40°C.

The power devices used in the main and auxiliary converters have the same mass.

Finally, the theoretical analysis of the power loss and efficiency is conducted under similar

assumptions as those applied in Chapter 3.5.3:

e The deadtimes of the main and auxiliary converters are zero.

e The DC inductor current is positive and constant, while the DC-capacitor voltage

is constant.
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Vdcl
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I ripple
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du
—— Conventional bidirectional chopper (CBC)
— Bidirectional chopper with single auxiliary converter with no phase shift (BCSAC)
Bidirectional chopper with single auxiliary converter with phase shift (BCSAC-PS)

Figure 4.4: Theoretical results for the switching-ripple current of the BCSAC-PS, CBC,
and BCSAC.

o The IGBT power modules 1IMBI1000UG-330 (Si-IGBT, 1-in-1, 3.3kV) from Fuji
Electric and CM1000DX-24T (Si-IGBT, 1-in-1, 1.2kV) from Mitsubishi Electric are

used.

e The conduction losses of the IGBT and the FWD, the switching loss of the IGBT,

the reverse recovery loss of the FWD, and the inductor loss are considered.

4.4.2 Switching-Ripple Current

Based on (4.31) and (4.46), the maximum value for I,y of the BCSAC-PS is obtained

when dy; = % and dy; = %, which is equivalent to:

Vel

(Iripple)max = 16fSML. (4.47)
Meanwhile, the (Zippic),,,, of the BCSAC obtained from Chapter 3.4 is:
Vdcl
(L"ipple)max = 9fSML. (4.48)
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The (Lrippie),,,, of the CBC is given as:

(Iripple)mam = . (4.49)

Based on (4.47) and (4.49), the BCSAC is able to reduce the switching-ripple current to
% of that produced by the CBC, which is significantly lower than that produced by the
BCSAC (i.e., % of the CBC). Fig. 4.4 shows the theoretical results for the switching-ripple
current of the BCSAC-PS (yellow line), CBC (red line), and BCSAC (green line) under
dps in the range of 0 < dpy < 1. It shows that there is a symmetry in the switching-ripple
current of the BCSAC-PS between that when dj; in the range of 0 < dj; < 0.5 and
0.5 < dp; < 1, similar to that of the BCSAC, and that the advantage of the BCSAC-PS
over the CBC is especially apparent when the operating duty ratio is around dy; = 0.5.
This is because the relationship (va),. = (vam),. holds, which eliminates the frequency

component fgys in the inductor current.

4.4.3 Inductor Volume

Theoretical analysis on the inductor volume is conducted for the four choppers based on
the method described in [101], [104]. The comparison of the calculated parameters of the
air-core inductors for all four choppers are summarized in Table 4.1, while the parameter
definitions and detailed calculation processes are provided in Appendix B.1. Considering
the third assumption held in this analysis and the theoretical results of the switching-
ripple current analysis, the inductance value for each chopper is set to L = 0.9 mH for the
CBC, L = 0.4mH for the BCSAC, and L = 0.225mH for the TLFC-PS and BCSAC-PS.
Further, based on the results shown in Table 4.1, the BCSAC-PS enables the utilizations of
an inductor with smaller volume (24.94 dm?) than the BCSAC (40.73 dm?), and certainly
the CBC(66.09 dm?). This translates to inductor volume reductions of around 38.8 % from
the BCSAC, and 62.3 % from the CBC, which is comparable to the reduction that can be
achieved by the TLFC-PS.

4.4.4 Chopper Volume and Mass

Theoretical analysis on the chopper total volume and mass is conducted to confirm the

significance of the improvement on the inductor volume reduction achieved by the BCSAC-
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Figure 4.5: Breakdown of the four choppers: (a) Chopper volume, and (b) Chopper mass.
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Table 4.1: Parameters used in the inductor volume analysis

Parameter CBC BCSAC | TLFC-PS / BCSAC-PS
L 0.9mH 0.4mH 0.225 mH
a 27.6 cm 23.8cm 16.9cm
b 15.6 cm 13cm 13cm
c 18.2cm 15.6 cm 15.6 cm
d 25.23mm | 25.23 mm 25.23 mm
d; 26 mm 26 mm 26 mm
g 6 5 5
ny 7 6 6
n 42 30 30
vy, 66.09 dm” | 40.73 dm® 24.94 dm?

PS. The volume breakdown of the four choppers is shown in Fig. 4.5a. The volumes of
the capacitor and power devices are estimated based on the dimensions provided in [119]-
[121]. Meanwhile, the volume of the cooling system is calculated based on its CSPI value
using the methods described in [101], [122], while the detailed calculation processes are
provided in Appendix B.2. Based on Fig. 3.8a, the volume of the BCSAC-PS (60.97 dm?)
is around 20 % smaller than the CBC (76.04 dm?), while also around 21 % smaller than the
BCSAC (77.11 dm?). This is because the achieved inductor volume reduction (41.15 dm?)
is significantly higher than the combined volume of the additional components that come
with the auxiliary converter, i.e., the capacitors (17.02 dm?), the power devices (1.04 dm?),
and the cooling system (8.02dm?). Further, the total volume of the BCSAC-PS is only
slightly higher than the TLFC-PS (56.83 dm?).

The mass breakdown of the four choppers is shown in Fig. 4.5b. The masses of the
capacitor and power devices are provided in [119]-[121]. Meanwhile, the mass of the cooling
system is calculated based on its volume and density. Based on Fig. 4.5b, the mass of the
BCSAC-PS (209.09kg) is around 40.4 % lower than that of the CBC (350.79 kg), and 22 %
lower than that of the BCSAC (267.93kg). However, the BCSAC-PS is slightly heavier
than the TLFC-PS (198.34 kg).

4.4.5 Power Loss and Efficiency

The theoretical analysis on the power loss and efficiency is similarly conducted using
the specifications data that can be found in [119], [120], while the explanations on the
calculation processes are given in Appendix C. The parameters used in the power loss and

efficiency analysis for all four choppers are summarized in Table 4.2. The rated power is
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Table 4.2: Parameters used in the power loss and efficiency analysis

Parameter ‘ Description ‘ Value
ALL
P Rated power 1.5 MW
\ 71 DC-voltage source 1 (high-voltage side) 1.5kV
Ve DC-voltage source 2 (low-voltage side) 0.3kV and 1.2kV
I Switching frequency of the chopper 5kHz
fsm Switching frequency of the main converter 5kHz
fsa Switching frequency of the auxiliary converter 5kHz
Ve DC-capacitor voltage 0.75kV
CBC
L ‘ Inductance ‘ 0.9mH
BCSAC
L ‘ Inductance ‘ 0.4mH
TLFC-PS / BCSAC-PS
L \ Inductance ‘ 0.225 mH

set to P = 1.5 MW with Vy.; = 1.5kV. Meanwhile, V. is alternated between 0.45 and
1.05kV to conduct the analysis under different values of dp;. All choppers operate under
the same switching frequency at 5kHz. It should be noted that for the TLFC-PS, the
equivalent switching frequency is 2 frrro_ps, due to the application of phase shift. The

inductance values are set to be the same as in Chapter 4.4.3. Finally, Vi is set to be half

of Vg1 at Vo = 0.75kV for all choppers.

The power loss breakdowns of the four choppers under two different duty ratios (i.e.,
dyr = 0.3 and dyy = 0.7) are shown in Fig. 4.6. From Figs. 4.6a and 4.6b, the CBC loses
around 7.7kW of power in total, in average, for the maximum power rating under both
dps values, and it is spread almost evenly among the conduction loss (3.1kW), switching
loss (2kW), and inductor loss (2.6kW). Comparatively, both the TLFC-PS and BCSAC
produce larger power losses. From Figs. 4.6¢c and 4.6d, the total power loss of the TLFC-
PS is 8.9 kW, in average, where the majority comes from the conduction loss (5.3kW) and
the switching loss (2.5 kW), while the inductor loss contributes less (1.1 kW). Meanwhile,
from Figs. 4.6e and 4.6f, the BCSAC produces a total power loss of 11.7kW, in average.
The conduction loss and switching loss contribute 7.4 kW and 2.7kW, respectively. In
comparison, from Figs. 4.6g and 4.6h, the BCSAC-PS produces a total power loss of
around 11kW, which less than that of the BCSAC, but still slightly higher than those
of the CBC and the TLFC-PS. The loss reduction comes from the inductor loss and the

switching loss of the auxiliary converter (i.e., 1.1 kW and 0.4 kW, respectively), compared
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with those produced by the BCSAC (i.e., 1.6kW and 0.6 kW, respectively). The total
induction and switching losses in average are 7.4kW and 2.5 kW, respectively. In general,
the common biggest power loss contributor across the four choppers is the conductor loss,

especially that produced by the auxiliary converter, for the BCSAC and BCSAC-PS.

Subsequently, the efficiency for all choppers are calculated based on the results of
the power loss analysis and shown in Fig. 4.7, where red line indicates the CBC, blue
line indicates the TLFC-PS, green line indicates the BCSAC, and gold line indicates the
BCSAC-PS. From Fig. 4.7a, the BCSAC-PS is able to perform at around 98 %, in average,
under dy; = 0.3. This is slightly higher than the average efficiency of BCSAC at 97.9 %, but
lower than those of CBC and TLFC-PS at 98.7 % and 98.4 %, respectively. From Fig. 4.7b,
the BCSAC-PS is able to perform at around 99.1 %, in average, under dy; = 0.7. This is
also higher than the average efficiency of BCSAC at 99 %, but lower than those of CBC
and TLFC-PS at 99.4% and 99.3 %, respectively. It should be noted that the efficiency
differences between the four choppers become smaller as the dM increases. Further, the
efficiencies for all choppers are the highest when the power rating is 75 kW, where the

current is i, = 250 A, for both d;; values.

The comparison results between the four choppers are summarized in Table 4.3. Over-
all, the BCSAC-PS has shown better performance than the BCSAC, i.e., producing lower
switching-ripple current, requiring smaller inductor volume, allowing smaller and lighter
chopper, producing lower power loss, and achieving higher efficiency. Compared to the
CBC, the BCSAC-PS produces higher power loss and lower efficiency, but enables an in-
ductor with smaller volume, resulting in a smaller and lighter chopper. The results are
comparable to those achieved by the TLFC-PS. Additionally, BCSAC-PS will still pro-
duce higher power loss and lower efficiency than the CBC with the same chopper volume
but produced the same amount of switching-ripple current (i.e., operates with higher fre-
quency). However, considering the reduction in the inductor volume that can be achieved
by the BCSAC-PS, the slightly lower efficiency to the CBC and TLFC-PS is a minor is-
sue. In addition, the mass reduction achieved by the BCSAC-PS could reduce the energy
required to move the vehicle, which could potentially give positive impact to the overall

energy efficiency of the vehicle.
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Figure 4.6: Loss breakdown of (a) CBC when Vy» = 0.45kV, (b) CBC when Vyj» =
1.05kV, (c) TLFC-PS when Vye = 0.45kV, (d) TLFC-PS when Vi = 1.05kV, (e)

BCSAC when Vys = 0.45kV, (f) BCSAC when Vi = 1.05kV, (g) BCSAC-PS when
Viea = 0.45kV, (h) BCSAC-PS when Ve = 1.05kV.

Table 4.3: Comparison results between the BCSAC-PS, CBC, TLFC-PS, and BCSAC

Comparison BCSAC-PS CBC TLFC-PS | BCSAC
Inductor volume | 24.94dm’ 66.09dm> | 24.94dm’ | 40.73dm’
Chopper volume | 60.97 dm? 76.04dm> | 56.83dm’® | 77.11dm?
Chopper mass 209.09 kg 350.79 kg 198.34 kg 267.93 kg

Power loss 11.04 kW 7.7TkW 8.9kW 11.7kW
Efficiency 97.4-99.3% | 98.1-99.6% | 97.6-99.4% | 97.2-99.3%
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Figure 4.7: Efficiency of the four choppers when: (a) Vi, = 0.45kV (dps = 0.3), (b) V. =
1.05kV (dys = 0.7).

4.5 Experimental Results

To validate the result obtained from the theoretical analysis, an experiment is conducted
using a down-scaled model in a controlled environment. This Chapter discusses the ex-

perimental result on the switching-ripple current of the BCSAC-PS.

4.5.1 Experimental Configuration and Conditions

The 2kW down-scaled model of the BCSAC-PS used to conduct the experiment is the

same as the one shown in Fig. 3.11, with the following set ups:

e The DC-voltage sources Vg1 and Vg are connected to either of DC-power supply

KIKUSUI PAT160-50T or HEADSPRING biATLAS-5D525.
e The reference value for the DC-capacitor voltage is set to V5 = 75V.

e An air-core inductor with linear frequency characteristics is used, while the switching
frequencies of the main and auxiliary converter are accordingly set to 5kHz (i.e.,
fsm = fsa = 5kHz). Consequently, the actual inductance values are Lopo =

0.4mH for the CBC and Lgcsac—ps = 0.334 mH for the BCSAC-PS.

e The reference values for the inductor current can be alternately set to positive and
negative values. Positive current means that the power direction is from V.1 to Vieo,

while negative current means the opposite.
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e The controls of the BCSAC are achieved using a combination of Texas Instruments
TMS320C6678 as the DSP and Altera Cyclone IV E EP4CE30F29C7 as the FPGA.
The FPGA is used to generate the triangular carriers and to compare the duty ratios

(i.e., dps, da1, and dy2) with the triangular carriers.

e The experimental waveforms are taken using Tektronix oscilloscope DPO4104B-L
with a frequency band of 1 GHz. iy, is measured using the Tektronix current probe
TCP0020 with a frequency band of 50 MHz, while vys, va, vr, and vo are measured
using the Tektronix high-voltage differential probes THDP0200 with a frequency
band of 200 MHz.

Table 4.4: Parameters of the experiments

Parameter Description Value
P Rated power 2kW
Viec1 DC-voltage source 1 (high-voltage side) 150V
Vic2 DC-voltage source 2 (low-voltage side) 10V-140V
Lese Inductance of the CBC 0.4mH
Lpcsac—ps Inductance of the BCSAC-PS 0.334 mH
C Capacitance 0.4mF
Vi DC-capacitor voltage BV
fsmr Switching frequency of the main converter 5kHz
fsa Switching frequency of the auxiliary converter 5kHz

The parameters of the experiment is summarized in Table 4.4, where under Vg =
150V, i7 = —10A, and vc is initially charged to 75V. Negative current implies that
the current flows from the low-voltage side to the high-voltage side. Meanwhile, V.o is
gradually changed from 10-140V to alter the dp;. The results of the theoretical switching-
ripple current obtained from (3.78), (4.31), and (4.46), and the experimental switching-
ripple current for the CBC and the BCSAC-PS based on the values of dj; under negative
current are given in Fig. 4.8. The theoretical and experimental switching-ripple currents
of the CBC are illustrated by the red line and black crosses, respectively, while those of
the BCSAC-PS are illustrated by the gold line and blue crosses, respectively.

It can be seen from Fig. 4.8 that the experimental results agree well with the theoretical
results for both choppers.It shows that the maximum experimental switching-ripple current
for the CBC is 19.2 A (when dps = 0.49), while that for the BCSAC-PS is around 5.4 A
(when djp; = 0.24 or 0.74). In comparison, the maximum value for the theoretical ripple

current of the BCSAC-PS obtained from (4.48) is 4.8 A. The reason why there are small
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Figure 4.8: Theoretical and experimental ripple currents of CBC and BCSAC-PS under
Vier = 150V and i3 = —10A.

differences between the theoretical and experimental ripple currents for the BCSAC-PS is
the omission of v} in the theoretical analysis. This affects the calculation of djs, which
consequently affect the calculation of I,;,,.. However, the differences are negligible if

compared to the value of I,.;ppe-

4.6 Conclusion

This Chapter presents the evaluation of phase shift application to the carrier waves of
the main and auxiliary converters in the bidirectional chopper with a single full-bridge
auxiliary converter (BCSAC), which is intended to further reduce the switching-ripple
current in the inductor. Theoretical analysis conducted on the switching-ripple current
has shown that the BCSAC with phase shift (BCSAC-PS) is able to reduce the maximum
switching-ripple current to % of that the conventional bidirectional chopper (CBC), which
is significantly lower than that produced by the BCSAC (i.e., % of the CBC). Consequently,

the inductor volume can be reduced by 62.3 % compared to the CBC, which is also 38.8 %
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smaller than that of the BCSAC, where the reduction is comparable to that achieved by the
TLFC with phase shift with phase shift (TLFC-PS). Overall, the BCSAC-PS is smaller in
volume and lighter than the CBC and BCSAC, and comparable to the TLFC-PS. Further,
loss analysis has shown that the BCSAC-PS can achieve high efficiency performances that
are better than the BCSAC, even though it still produces slightly higher losses than the
CBC and TLFC-PS. These results verify the advantage of phase shift application. Finally,
experimental results using a 2kW down-scaled model has verified the theoretical analysis

results of the switching-ripple current in the BCSAC-PS.
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Chapter 5

AC Component-Based Control

Supplementary Application in
BCSAC

This Chapter presents the supplementary application of AC component-based control to
the BCSAC with phase shift (BCSAC-PS) to allow the achievement of the DC-capacitor
voltage control when there is no power transfer between the voltage sources, which would
improve the stability of the chopper operation. In this Chapter, the circuit configuration
and operating principle of the modified BCSAC-PS are presented. The control meth-
ods based on DC and AC components, for both the main and auxiliary converters, are
explained in details. Finally, the operations of the DC component-based control and
the proposed AC component-based control in the BCSAC-PS during steady and transient
states, along with the coordinated operation between the two control methods, are verified

through experiments using a 2kW down-scaled model.

5.1 Circuit Configuration and Operating Principles

The circuit configuration used in this Chapter is the same as that described in Chap-
ter 4.1.1. It consists of a CBC as the main converter, an auxiliary converter, and an
inductor. The power devices are controlled using PWM signals, where triangular carrier
waveforms are applied to the main and auxiliary converters and the main converter car-

rier, triy, lags the auxiliary converter carrier, trip, by 90°. The other operating conditions
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used in this Chapter are the same as those used in Chapter 3 and Chapter 4, i.e., the DC-
capacitor voltage is set to be half of the DC-source voltage at the high voltage side (i.e.,
Vo = %), and the relationship fgas = fga holds, where fg,s indicates the frequency of
triy, while fg4 indicates the frequency of trip. Finally, the operating principle of used in
this Chapter is the same as that explained in Chapter 4.1.2, where the normalized (v4),,,.

when 0 < djs < 0.5 is given by:

0.5V 1 (S1: ON, S9: OFF)
(UA)ac = . (5.1)

—dVaer + %70_'5151]”%(;1 (S1: OFF, Sy: ON)

Meanwhile, when 0.5 < dj; < 1, it is given by:

o (1 — dag) Ve + r=L50ut03y7 | (5,2 ON, Sy: OFF) 652
VA)ge = . .
—0.5Ve1 (S;: OFF, Sy: ON)

5.2 Control Method

Based on the components used, the control methods of the BCSAC-PS in this Chapter
can be divided into DC component-based control and AC component-based control. The
DC component-based control methods are similar to the ones presented in Chapter 3.3
and Chapter 4.2, and it is employed when the DC inductor current is not zero. In the
DC component-based control, the DC-capacitor voltage control is performed by the main
converter, while the auxiliary converter is used to achieve the inductor current control.
On the other hand, the AC component-based control is employed when DC inductor
current is zero. Different than the DC component-based control, in the AC component-
based control, the inductor current control is performed by the main converter, while the
auxiliary converter is used to achieve the DC-capacitor voltage control. However, different
from Chapter 3.3 and Chapter 4.2, the inductor current control in this Chapter uses the
average value of the actual DC current, which would improve the control accuracy and

stability because the effect of switching-ripple component can be eliminated.
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DC-capacitor voltage control

gVC—+_>T—> PI 50 5 4 —~—f+>T—> Vi > 4u
Ve +1:iL20§ Vd
(—I:iLsO <

Figure 5.1: Block diagram of the main converter control using DC component-based con-
trol.

5.2.1 DC Component-Based Control

5.2.1.1 Main Converter Control

The block diagram of the main converter control using DC component-based control is
shown in Fig. 5.1, where the objective is to regulate the DC-capacitor voltage. More specifi-
cally, the traditional PI control is applied to make the difference between the DC-capacitor
voltage actual value, vc, and its reference value, V5, become zero, which generates the
voltage reference vp,. It should be noted that the polarity of vy is alternated based on

that of the inductor current. For example, when V3 > v, the resulted v} is as follows:

v (iL > 0)
vy =4 7 . (5.3)

_U*BO (iL < 0)

Subsequently, Vj.2 is added to vy as a feedforward control, followed by the normalization
by Vge1. As aresult, the duty ratio of S1, djs, with a maximum value of +1 and a minimum

value of zero is produced, which can be expressed as:

(5.4)

Finally, it is compared with triy;, which has the same maximum and minimum values.
The detailed explanation on the principle of the DC-capacitor voltage control has been

given in Chapter 3.3.1
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X
Inductor current control VB
rresseessen s - .
P.x Vi V4 d Al
L PI =% 1 —>
: —T Y v dyz
: (iL)avg :

v
Ripple-current mitigation (Vt)ac
Vger —
‘ (5.1), (5.2)

Switching signal from the main converter

Figure 5.2: Block diagram of the auxiliary converter control using DC component-based
control.

5.2.1.2 Auxiliary Converter Control

The block diagram of the auxiliary converter control using DC component-based control is
shown in Fig. 5.2, where the objective is to regulate the DC inductor current and mitigate
the ripple-current. In the DC inductor current control, the traditional PI control is used

to make the difference between the its DC average value, (ir,) and its reference value,

avg’

i}, become zero. (ir),,, is obtained by applying a moving-average filter with a frequency

avg
of fgar to ip, with the sampling frequency of 4fgas, where the sampling is done at the
peaks and bottoms of triy; and tria. It should be noted that the time delay originating
from the moving-average filter application of 5kHz (= 200 ps) is much smaller than the
response speed of the DC inductor current control (i.e., more than a few milliseconds).
Thus, the effect of applying moving-average filter to the stability and dynamic response
is negligible as long as fsas is high enough. Subsequently, the voltage command v is
generated. The difference between v; and the voltage reference v} produced in the main
converter control has been explained in Chapter 3.3.2. Further, (v4),. coming from the
ripple-current mitigation control that is obtained from (5.1) and (5.2), together with the
voltage reference vy, are added to v} as a feedforward control. It produces the voltage
reference of the auxiliary converter, v%, which is followed by the normalization by vc. As

a result, the duty ratio of Ss, da1, and that of S5, da2, with a maximum value of 41 and

a minimum value of —1 are produced. Considering the application of unipolar PWM in
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Inductor current control

"X V*
ZL;_)T_> PI -|l-+ I/Vdcl _>dM
(iL)avg Vch

Figure 5.3: Block diagram of the main converter control using AC component-based con-
trol.

the auxiliary converter, the duty ratios d4; and dso can be expressed as:

—v; + Vg + (Va)g

dai = 5.5
" i 55
v —vh — (v
dA2 _ B ( A)ac. (56)
ve

However, the d 41 and d 49 have to be further normalized to have a maximum value of +1
and a minimum value of zero. Finally, the newly obtained values of the d4; and das are

compared with tria, which has the same maximum and minimum values as them.

The traditional PI control is used in both converters, where the transfer functions in
the Laplace domain for the DC-capacitor voltage and inductor current controls are given

as:

fUiC _ SKvp—dciL + Kvi—dciL (5 7)
VC*’ (UC)dc Cs? + SKvp—dciL + Kvi—dciL '
i $Kip—dec + Kii—de

E B Ls? + SKip—dc + Kii—dc'

where C shows the capacitance value of the DC-capacitor and (v¢),, shows the DC compo-
nent of the DC-capacitor voltage. K,,_q. and K,;_q4. show the proportional and integral
gains of the DC-capacitor voltage control in the DC component-based control, while Ky, 4.
and Kj;_ 4. show those of the inductor current control, and their values are appropriately
set. It is evident from (5.7) that stable control of the DC-capacitor voltage cannot be

achieved when i, = 0 A.
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5.2.2 AC Component-Based Control
5.2.2.1 Main Converter Control

The block diagram of the main converter control using AC component-based control is
shown in Fig. 5.3, where the objective is to regulate the DC inductor current. The tradi-
tional PI control is applied to make the difference between the average (i.e., dc) inductor

current value, (ir,) and its reference value, ¢}, become zero, which generates the voltage

avg’
command v}. Subsequently, Vj. is added to v] as a feedforward control, followed by the
normalization by Vg.;. As a result, the duty ratio of Sy, djs, with a maximum value of +1
and a minimum value of zero is produced, which can be expressed as:

U;‘ + Ve

5.9
v&cl ( )

dy =

Finally, it is compared with triy;, which has the same maximum and minimum values.

5.2.2.2 Auxiliary Converter Control

The block diagram of the auxiliary converter control using AC component-based control
is shown in Fig. 5.4a, where the AC inductor current with a frequency of fgps is inten-
tionally controlled to achieve the DC-capacitor voltage control in the chopper. In the
current control, the traditional PI control is used to make the difference between the
DC-capacitor voltage actual value, vc, and its reference value, Vi, become zero, which
generates the voltage reference vy, Its polarity (i.e., v};) is changed based on the trian-
gular carrier waveform of the auxiliary converter, tris. Subsequently, (v4),, coming from
the ripple-current mitigation control that is obtained from (5.1) and (5.2) is added to v}
as a feedforward control to produce the voltage reference of the auxiliary converter, v,
followed by the normalization by vc. As a result, the duty ratio of Ss, d 41, and that of S,
d a2, with a maximum value of +1 and a minimum value of —1 are produced. However, the
d 41 and d 42 have to be further normalized to have a maximum value of +1 and a minimum
value of zero. Finally, the newly obtained values of the d41 and dao are compared with
trip, which has the same maximum and minimum values as them.

Meanwhile, the transfer functions in the Laplace domain of the traditional PI control

for the DC-capacitor voltage and inductor current controls using AC component-based
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DC-capacitor voltage control

VC _aT 2 PI =4 | _' ++9Q > I/VC > dA2
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Switching signal from the main converter
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(b)

Figure 5.4: The auxiliary converter control using AC component-based control: (a) Block
diagram, (b) Ideal waveforms when V7 > vc and only frequency component fgys is as-

sumed in (ir,),,.
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control are given as:

Z.iL _ SKip—ac + Kii—ac (5 10)
ZE Ls? + SKip—ac + Kii—ac '
vc SKvp—acY + Kyi—acY (5 11)

75 B (UC)dC Cs? + SKvp—acY + Kvi—acY.

where C shows the capacitance value of the DC-capacitor, Y shows a constant produced
from (va)ac and (ir)ac, and (ve),, shows the DC component of the DC-capacitor voltage.
Kyp—ac and Ky;—q. show the proportional and integral gains of the DC-capacitor voltage
control in the AC component-based control, while Kj;,_,. and Kj;_,. show those of the
inductor current control. It is evident from (5.11) that the DC-capacitor voltage control
can be achieved regardless of the value of ;. Thus, the supplementary application of
AC component-based control can contribute to the stability improvement of the BCSAC-

PSoperation when iy, = 0 A.

To give a clearer image on vy polarity, the ideal waveforms when V5 > vc is shown

in Fig. 5.4b, where (i), is the AC current included in iz that contains only the fss

C
frequency component produced by vj. Let S¢ given in Fig. 5.4b be the PWM signal
produced from the comparison of triy with a duty ratio do = 0.5. Specifically, S¢ = 1

when trip < dc and S¢ = 0 when triy > dc. Based on Sc, vy is given by:

—vgy (Sc: 1)
=4 7 , (5.12)

’U*BO (Sci 0)

where vp, is the output of the PI control. Subsequently, based on Fig. 5.4b and (5.12),

v’ can be determined by:

—vp + (va),. (tria <dc)
v = . (5.13)

v+ (va),.  (tria > dc)
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Consequently, the duty ratios d41 and d4s can be expressed as:

—v5+(va) 40

0 (tl"iA < dc)
day = c (5.14)
UB+7EZA)M (triA > dC)

(
e (i) < de)
dao = . (5.15)

el (riy > do)

To further explain the DC-capacitor voltage control, the relationship V& > vo is
assumed in the auxiliary converter. It should also be noted that (ir )., which is a triangular
waveform with only the frequency component of fgps produced by vy, can be either in
phase or out of phase with (v4),,, depending on the relationship between V¢ and vc.
Based on Fig. 5.4a, a positive v}y, is generated when the relationship V4 > ve holds.
Consequently, (ir,),. that is in phase with (va),, is produced, as shown in Fig. 5.4b. As a

result, a positive power (v4),. (¢1)qc is formed, which flows into the capacitor and increases

vC.-

5.3 Experimental Results

To verify the performance and operation of the DC component- and AC component-based
controls in the BCSAC-PS, experiments are conducted using a down-scaled model in a
controlled environment. This Chapter discusses the experimental results of the steady- and

transient-state operations under the DC component- and AC component-based controls.

5.3.1 Experimental Configuration and Conditions

The 2kW down-scaled model of the BCSAC-PS used to conduct the experiment is the
same as the one shown in Fig. 3.11, with the same set ups used in Chapter 4.5. The
following experiments are carried out using the down-scaled model with both the DC and

AC component-based controls under the experimental parameters listed in Table 5.1:
DC Component-Based Control

1. Steady-state operation when Vg, = 150V, Vgeo = 65V, i} = —10A, and v¢ is

initially charged to 75 V.
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2. Transient behavior during the initial charging of vo from 0V to 75V, where

i7 = —20A.
3. Transient behavior during the step change of Vy.; from 150V to 140V, where
i7 = —20A.

AC Component-Based Control

1. Steady-state operation when Vy.; = 150V, Vo = 75V, i1 = 0A, and vc is

initially charged to 75V.

2. Transient behavior during the initial charging of vo from 0V to 75V, where
i7 = 0A.

3. Transient behavior during the ramp change of vo from 75V to 85V and then
85V to 75V, where i} = 0A.

Coordinated Control

1. Transient behavior during the ramp change of iy, from 0 A to —10 A and then

—10 A to 0 A, where both AC and DC component-based controls are used.

Table 5.1: Parameters of the experiments

Parameter Description Value

P Rated power 2kW

\Z %1 DC-voltage source 1 (high-voltage side) 150V

Lese Inductance of the CBC 0.4mH
Lpcsac—pPs Inductance of the BCSAC-PS 0.334mH

C Capacitance 0.4mF

V& DC-capacitor voltage BV

fsm Switching frequency of the main converter 5kHz

fsa Switching frequency of the auxiliary converter 5kHz

5.3.2 DC Component-Based Control
5.3.2.1 Operation under Steady-State

The steady-state experimental waveforms of the BCSAC-PS using DC component-based
control under Vg = 150V, Vgeo = 65V, and i; = —10 A are given in Fig. 5.5. Negative
current implies that the current flows from the low-voltage side to the high-voltage side.

The main converter voltage, vy, is a rectangular wave with DC and AC components, which
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Figure 5.5: Experimental waveforms for the steady-state operation of the BCSAC-PS
using DC component-based control under Vg, = 150V, Vgeo = 65V, and 77 = —10A.

alternates between V.1 (= 150 V) and 0. Further, dj; is indicated to be 0.4, which is lower
than the theoretical value of 0.43 obtained from (4.9). The small difference between the
experimental and theoretical results is due to the existence of vy in the main converter
control shown in Fig. 5.1. Meanwhile, the auxiliary converter voltage, va, alternates
between —Vo (= —75V), 0, and V¢ (= 75V).

From Fig. 5.5, the DC-capacitor voltage, vc, can be regulated at 75V (= %) with

no steady-state error. Similarly, the DC inductor current, (ir,) can be regulated to its

avg’
reference value at —10 A with no steady-state error. Further, the ripple current of iy, is
shown to be 4.1 A, which agrees well with the theoretical peak-to-peak ripple current for
dps in the range of 0 < dps < 0.5 obtained from (4.31) at 4.56 A. The small difference in

the experimental and theoretical values for the ripple current is caused by the v} in the

main converter control.

5.3.2.2 Operation under Transient-State

The transient experimental waveforms during the initial charging procedure of the BCSAC-
PS using DC component-based control under Vy.; = 150V and Vg5 = 85V are shown in
Fig. 5.6. Since V.1 is set as the high-voltage side, while V.o is the low-voltage side, V. is

used to charge the capacitor. To send the power from V. to the capacitor, the full-bridge
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Figure 5.6: Experimental waveforms using DC component-based control during the initial
charging procedure of the BCSAC-PS under Vy.; = 150V and Vi =85V.

auxiliary converter is operated in charging mode during the initial state of the operation,
where Sg and Sg are ON, while S4 and S5 are OFF. Meanwhile, in the main converter,
S is always OFF, and S; is controlled to charge the capacitor voltage, vo. Specifically,
the duty ratio of S1, djs, is determined using the traditional PI control to apply feedback
control to the vo, where veo is changed from zero to 75V in 400ms. After vo reaches
75V, the BCSAC-PS operates normally, and iy, drops from zero to its reference value at
—20 A in approximately 400ms. It can be seen from Fig. 5.6 that the initial charging
procedure using DC component-based control can be completed with neither overvoltage

nor overcurrent occuring in the process.

The transient experimental waveforms during a step change in the V. of the BCSAC-
PS using DC component-based control under Vgeo = 10V and i; = —20 A are shown in
Fig. 5.7. It can be seen that V. changes from 150 V to 140V in approximately 40 ms with
no overvoltage. There is a slight jump in the inductor current, iy, at the initial part of the
step change. This is because the decrease in V.1 inversely affects the inductor voltage,
vr,. The step change also produces higher dj;, which ultimately results in increased ripple
current. Meanwhile, the DC-capacitor voltage, vc, can be stably regulated with no error

during the transient state (i.e., step change).
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Figure 5.7: Experimental waveform during a step change in the Vj.; from 150V to 140V
of the BCSAC-PS under Ve = 10V and 7 = —20 A.

5.3.3 AC Component-Based Control
5.3.3.1 Operation under Steady-State

The steady-state experimental waveforms of the BCSAC-PS using AC component-based
control under Vg = 150V, Vyeo = 75V, and ¢; = 0A are given in Fig. 5.8. The
main converter voltage, vy, is a rectangular wave with AC and AC components, which
alternates between Vg1 (= 150V) and 0. Further, dj; is indicated to be 0.48, which is
lower than the theoretical value of 0.5 obtained from (4.9). The small difference between
the experimental and theoretical results is due to the existence of v} in the main converter
control shown in Fig. 5.3. Meanwhile, the auxiliary converter voltage, va, alternates
between —Vo (= —75V), 0, and V¢ (=75V).

From Fig. 5.8, the DC-capacitor voltage, vc, can be regulated at 75V (= %) with

no steady-state error. Similarly, the DC inductor current, (ir,) can be regulated to its

avg’

reference value at 0 A with no steady-state error.

5.3.3.2 Operation under Transient-State

The transient experimental waveforms during the initial charging procedure of the BCSAC-

PS using AC component-based control under Vi, = 150V and V.o = 75V are shown in
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Figure 5.8: Experimental waveforms for the steady-state operation of the BCSAC-PS
using AC component-based control under Vg.; = 150V, Vyeo = 75V, and i} = 0 A.
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Figure 5.9: Experimental waveforms using AC component-based control during the initial
charging procedure of the BCSAC-PS under V. = 150V and Vo =75 V.
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Figure 5.10: Experimental waveform during a ramp change in the vo from 75V to 85V
and then from 85V to 75V of the BCSAC-PS under Vg, = 150V, Vi = 75V, and
it = 0A.

Fig. 5.9. Similarly, the full-bridge auxiliary converter is operated in charging mode during
the initial state of the operation to send the power from V. to the capacitor, where Sg
and Sg are ON, while S4 and S5 are OFF. Meanwhile, in the main converter, Ss is always
OFF, and S; is controlled to charge the capacitor voltage, vo. Specifically, the duty ratio
of S1, dys, is determined using the traditional PI control to apply feedback control to the
i1, where vo is changed from zero to 75V in 450 ms to achieve the control of iy, at 0 A. It
can be seen from Fig. 5.9 that the initial charging procedure using AC component-based

control can be completed with neither overvoltage nor overcurrent occuring in the process.

The transient experimental waveforms during a ramp change in the v of the BCSAC-
PS using AC component-based control under Vj.; = 150V, Vgeo = 75V, and 77 = —20 A
are shown in Fig. 5.10. It can be seen that vo is able to rise from 75V to 85V and
drop from 85V to 75V with no overvoltage and undervoltage, meaning that the DC-
capacitor voltage control based on the AC component-based control is valid. Additionally,
the inductor current, iz, can be stably regulated during the transient state (i.e., ramp
change), with the observed increase in the ripple current. This is caused by the effect of

the change in v¢o on vy,.
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Figure 5.11: Experimental waveform of coordinated operation between the AC and DC
component-based controls under Vj.; = 150V and Vj.o = 75V, where there is a ramp
change in the iy, from 0 A to —10 A and then from —10A to 0 A.

5.3.4 Coordinated Control

The transient experimental waveforms of the BCSAC-PS during a ramp change in the iy,
under Vg1 = 150 V and V.o = 75 V using a coordination of both AC and AC component-
based controls are shown in Fig. 5.11, where the AC component-based control is applied
when i, = 0 A and the DC component-based control is applied when i;, # 0 A. It shows
that iy is able to decrease from 0A to —10A in 200ms, and increase from —10A to
0 A in 200 ms, with no overcurrent and undercurrent. Further, the DC-capacitor voltage
can be stably regulated using the AC component-based control when i, = 0 A and DC
component-based control when i, = —10 A. This shows that the two control methods can

operated in coordination.

5.4 Conclusion

This Chapter presents the supplementary application of AC component-based control in
the BCSAC with phase shift (BCSAC-PS) to allow the achievement of the DC-capacitor
voltage control when there is no power transfer between the voltage sources, which would

improve the stability of the chopper operation. Experimental results using a 2kW down-
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scaled model has verified the operations and controls of the BCSAC-PS during the steady
and transient states. In the steady state, the inductor current and DC-capacitor voltage
can be regulated to their respective reference values with no steady-state error, where the
DC component-based control is used when the DC inductor current is not zero and AC
component-based control is used when the DC inductor current is zero. In the transient
state, the initial charging of vo can be completed using both the DC component- and AC
component-based controls without any overvoltage or overcurrent problem. Additionally,
the DC component-based control can stably operate during a step change of V.1, while the
AC component-based control can stably operate during a ramp change of v¢, without any
overvoltage and undervoltage problem. Finally, the two control methods can be smoothly

operated in coordination during a step change of iy,.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This dissertation has proposed a non-isolated bidirectional chopper topology for battery
energy storage system (BESS) applications in electric railway systems. The proposed
topology, the bidirectional chopper with a single full-bridge auxiliary converter (BCSAC),
is composed of the conventional bidirectional chopper (CBC) as the main converter, a
single-phase full-bridge converter equipped with a floating DC-capacitor as the auxiliary
converter, and an inductor. It operates under the following conditions: 1) The switching
frequencies of the main and auxiliary converters are the same, and 2) The DC-capacitor

voltage is half of the DC-voltage-source voltage at the high-voltage side.

The BCSAC is able achieve a reduced switching-ripple current in the inductor, which
consequently lowers its volume, while achieving high-efficiency performances. Theoretical
analysis conducted on the switching-ripple current has shown that the BCSAC can reduce
the switching-ripple current to g of that the CBC. Additionally, based on the theoretical
comparisons that have been made in this dissertation, the inductor volume can be re-
duced by 38.4 % and 10.5 % to those required by the CBC and three-level flying capacitor
converter (TLFC). Overall, the BCSAC is smaller in volume than the BCAC and lighter
than the CBC and TLFC. Even though the BCSAC produces slightly higher power losses
than the CBC and TLFC, it is significantly lower than those produced by the bidirectional
chopper with an auxiliary converter (BCAC) with three cells, meaning that high efficiency
performances can be achieved. Further, experimental results using a 2kW down-scaled

model have validated the theoretical analysis results of the switching-ripple current, as
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well as the operations and controls of the BCSAC in the steady state, under both positive
and negative currents, and the transient state, during the initial charging procedure and
under a step change in the DC-voltage-source voltage at the low-voltage side.

Phase shift application to the carrier waves of the BCSAC has been proposed to fur-
ther reduce the produced switching-ripple current in the chopper. Theoretical analysis
conducted on the switching-ripple current has shown that the BCSAC with phase shift
(BCSAC-PS)can reduce the switching-ripple current to i of that the CBC. Consequently,
the BCSAC-PS enables the inductor volume to be reduced by 62.3% compared to the
CBC, which is also 38.8% smaller than that of the BCSAC. Overall, the BCSAC-PS is
smaller in volume and lighter than the CBC and BCSAC, and comparable to the TLFC
with phase shift (TLFC-PS. Additionally, theoretical loss analysis has shown that the
BCSAC-PS can achieve high efficiency performances that are better than the BCSAC,
even though it still produces slightly higher losses than the CBC and TLFC-PS. Finally,
experimental results using a 2kW down-scaled model has verified the theoretical analysis
results of the switching-ripple current.

Supplementary application of AC component-based control to the conventional DC
component-based control has been proposed to improve the stability in the BCSAC-PS
operation. It uses the AC component of the inductor current to achieve the DC-capacitor
voltage control when there is no power transfer between the voltage sources (i.e., the DC
inductor current is zero). The performances of the proposed control method under steady
and transient states, along with its coordination with the conventional DC component-
based control, have been validated through experiments using a 2kW down-scaled model,
where the AC component-based control is used when the DC inductor current is zero and

the DC component-based control is used when the DC inductor current is not zero.

6.2 Future Research

Considering the limitation set in this research, there are several point of interests that can

be addressed to form future research targets and improve the proposed chopper.

B Reducing the produced power loss. The total power loss produced by the
BCSAC and BCSAC-PS in this dissertation is still comparatively higher than the

conventional topologies like the CBC, TLFC, and TLFC-PS, albeit not significant.
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Further power loss reduction is required to achieve performances with higher effi-
ciency. It should be noted that according to the power loss analysis done in this
dissertation, conduction loss is the main contributor to the power loss. Thus, mea-
sures to reduce conduction loss, especially in the auxiliary converter, need to be
considered. For example, using a variation of capacitor voltage instead of a fixed
value may be one potential solution. Additionally, other measures to reduce loss like

applying soft switching techniques may be interesting to look into.

Conducting experiments using full-scale setups and cost analysis. The
experiments done in this dissertation are conducted using a 2 kW down-scaled model.
which comes with several limitations that could affect the produced power loss.
Thus, comparisons on power loss and efficiency in this dissertation are theoretically
done based on parameters used in real applications. It is necessary to validate
the theoretical comparison results by comparing it with the experimental results.
Further, cost analysis should be conducted since it is a major consideration for real

applications.

Fault-tolerant operation in the chopper. It is necessary to consider the miti-
gation measures to when a fault occurs in the auxiliary converter, especially since

only a single full-bridge cell is used in the BCSAC.
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Appendix A

Comparison of Different Settings

of the Capacitor Voltage

In the BCSAC, the DC-capacitor voltage in the auxiliary converter is set to be half of

the DC- voltage source voltage at the high-voltage side (i.e., Vo = %) To verify the

advantage of this setting, comparison with Vo = Vféd and Vo = V‘jfl, with respect to the

produced switching-ripple current, power loss, and efficiency is conducted.

A.1 Switching-Ripple Current

Theoretical analysis on the switching-ripple current for the BCSAC under Vg = % and
Vo = % is similarly conducted as in Chapter 3.4 and Chapter 4.3, while the voltage
compensation on v given in Chapter 3.2.2 should be modified depending on the value
of V. Based on the analysis results, the switching-ripple current of the BCSAC under

Vo = % for dps in the range of 0 < dj; < 0.5 can be determined as:

_ Vide1 2
Irzpple - fSML <3 dM> d]W’ (Al)

and that for djs in the range of 0.5 < dj; < 1 can be determined as:

Vdcl 1
Ligpte = 727 (dM - 3) (1—du). (A.2)
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VOLTAGE

Based on (A.1) and (A. he (Lpippie),,,, ©f the BCSAC under Vo = Vf!;l is obtained

1), t
when dy; = + and dyy = %, which is equivalent to:

3

Vdcl
Iri e = .
( ppl )maw 9fsmL

(A.3)

Meanwhile, the switching-ripple current of the BCSAC under Vo = % for dps in the

range of 0 < dp; < 0.5 can be determined as:

Loivple = - —d dar, A4
ppl fomL <4 M) M ( )

and that for dj; in the range of 0.5 < dp; < 1 can be determined as:

Vdcl 1
Leinple = dy — =) (1—dpy). A.
pple FoarL < M 4> ( M) (A.5)
Based on (A.4) and (A.5), the (Lippie),,,, of the BCSAC under Vo = % is obtained
when dy; = g and dp; = %, which is equivalent to:

9Vdcl
Loippie = . A.
( ppl )max 64fSML ( 6)

Based on (A.3), the BCSAC under Vo = % is able to reduce to reduce the switching-
ripple current to % of that produced by the CBC, which is comparable to that achieved by
the BCSAC under Vo = %. Meanwhile, based on (A.6) the BCSAC under Vo = % is
able to reduce to reduce the switching-ripple current to % of that produced by the CBC,
which is higher than that achieved by the BCSAC under Vg = Vd“ Fig. A.1 shows the

Vdc 1

theoretical results for the switching-ripple current of the BCSAC under Vo = (green

line), BCSAC under Vo = % (purple line), BCSAC under Vo = % (orange line), and
CBC (red line) under dj; in the range of 0 < dp; < 1. It shows that there is a symmetry

in the switching-ripple current of the BCSAC under Vo = % and Vg = V‘jfl, similar

to that of the BCSAC under Vo = Véd. However, the advantage shown by the BCSAC

under Vo = % and Vg = %, particularly when the operating duty ratio is around
dyr = 0.5, is not as apparent as that shown by the BCSAC under Vg = %. This is
because there still remains the frequency component fgp; in the inductor current, due

to further limitation applied on the (va),.. Additionally, even though the BCSAC under
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—— Bidirectional chopper with single auxiliary converter (BCSAC) when Ve=Vy.;/2
—— Bidirectional chopper with single auxiliary converter (BCSAC) when Ve=Vae/3
Bidirectional chopper with single auxiliary converter (BCSAC) when V=V,.;/4

Figure A.1: Theoretical results for the switching-ripple current of the BCSAC under
different settings of Vo and CBC.

Vo = % produces the same maximum switching-ripple current as that under Vo = %,

its overall performance is still worse.

A.2 Power Loss and Efficiency

The power loss breakdowns of the BCSAC under different settings and two different duty
ratios (i.e., dyy = 0.2 and dp; = 0.8) are shown in Fig. A.2. From Figs A.2d, A.2c, A.2e,
and A.2f, the average power losses produced by both the BCSAC under Vo = %
(11.5kW) and Vo = % for the maximum rating (11.65kW) are slightly lower than
that of the BCSAC (11.7kW). The reduction comes from the lower switching losses of the
auxiliary converter produced by the former two settings.

The efficiencies for all choppers are calculated based on the results of the power loss
analysis and shown in Fig. A.3, where red line indicates the CBC, green line indicates
the BCSAC, purple line indicates the BCSAC under Vo = %, and orange line indicates
the BOSAC under Vo = Y41, From Fig. A.3a, both the BCSAC under Vo = Y41 and
Vo = % (97.1%) have a slightly higher average efficiency than the BCSAC (97 %) under
dyr = 0.2. However, based on Fig. A.3b, the difference between the efficiencies of the

BCSAC under different settings of Vi becomes minimum.
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Figure A.2: Loss breakdown of (a) BCSAC under Vg = Vd;l when Vo = 0.3kV, (b)

BCSAC under Vg = % when Vg0 = 1.2kV, (¢) BCSAC under Vi = @ when Vyeo =

0.3kV, (d) BCSAC Vg = Y4 when Vy = 1.2kV, (e) BCSAC Vo = Y4l when Vyep =
0.3kV, (f) BCSAC Vi = Y4t when Voo = 1.2kV.
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Appendix B

Volume Calculation

B.1 Design of Air-Core Inductors

In the inductor volume analysis conducted for the comparison given in Chapter 3 and
Chapter 4, air-core inductors are used. The air-core inductor dimensions along with its
rectangular cross-section winding dimensions are given in Fig. B.1, where the definitions
of the parameters are summarized in Table B.1. The calculation processes for these pa-
rameters are similar to the ones described in [101], [104], which are simplified in the
flowchart given in Fig. B.2. First, practical assumptions on the maximum current density,
Jmaz = 2 x 10° A/m?, and the maximum current, I, = 1000 A, are set. These assump-
tions should not be exceeded to avoid overheating. Then, a suitable d; is set based on the

value of d that is obtained from:

d= Arnas ) (B.1)
T Jmaz
Table B.1: Definitions of the air-core inductor parameters
Parameter Description
a Distance between the axis of the winding and that of the inductor
b Width of the winding cross-section
c Height of the winding cross-section
d Diameter of the wire without the insulation coating
d; Diameter of the wire with the insulation coating
ng Number of turns per layer
ny Number of layers
n Number of turns
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Figure B.1: Air-core inductor with rectangular cross section: (a) Inductor dimensions, (b)
Winding dimensions.

where d; should be appropriately larger than d. Further, the initial estimation of n (i.e.,

ng) for a given inductance value, L, can be obtained by:

L 2
o B.2
"o <2.029u0di> ’ (B-2)

if the Brooks geometry is assumed. Based on whether the value of /ng calculated from
(B.2) is an integer or not, the values of n; and n; can be obtained to further calculate b

and c:

C = nldi. (B4)

Meanwhile, a can be obtained from the minimum positive root solution of:

pon’ra®

I =
ab 4+ 0.9a2 + 0.32bc + 0.84ac

(B.5)

where jio is the vacuum permeability (po = 1.257 x 10"°NA™2). Finally, based on (B.3),
(B.4), and (B.5) the inductor volume, V7, that is basically the volume of a cylinder, can

be given as:

Vi = b (a v %)2 . (B.6)
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/ Set inductor specifications (/4 and Iyqy) /

!

Calculate d based on (B.1) and choose appropriate d;

}

Calculate initial estimation of n (ny) based on (B.2)

Is \/m, integer?
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n; = ng
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!

Calculate b and c based on (B.3) and (B.4)

Recalculate n = nyn,

}

Solve (B.5) to obtain a (pick the minimum positive root)

l

Calculate V;, based on (B.6)

Figure B.2: Flowchart of the calculation process of the inductor volume analysis.

B.2 Cooling System Volume Calculation

In the chopper volume analysis conducted for the comparison given in Chapter 3 and

Chapter 4, air-cooling system with heatsink is assumed. The cooling systems of the CBC,

main converter of the BCSAC and BCSAC-PS, and TLFC and TLFC-PS are designed

such that a pair of the IMBI1000UG-330 IGBT modules is mounted on a single heatsink.

Further, a single heatsink is used for the four CM1000DX-24T IGBT modules in the aux-

iliary converter of the BCSAC and BCSAC-PS, and a pair the same modules in the TLFC

Table B.2: Definitions of the parameters used in the cooling system volume analysis

1MBI1000UG-330

Rini—o)q Junction-to-case thermal resistance (IGBT) 12 K/kW

Rin(j—e)D Junction-to-case thermal resistance (FWD) 22.5 K/kW

Rine—n) | Case-to-heatsink thermal resistance per module | 7.7K /kW

CM1000DX-24T

Rinj—)Q Junction-to-case thermal resistance (IGBT) 28 K/kW

Rini—e)p Junction-to-case thermal resistance (FWD) 49 K/kW

Rype—n) | Case-to-heatsink thermal resistance per module | 7.1K kW
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Set junction and ambient temperatures
(Tj and Ty)

}

Calculate R, based on (B.7)

|

Calculate V¢ based on (B.8)

Figure B.3: Flowchart of the calculation process of the cooling system volume analysis.

and TLFC-PS. The thermal characteristics of the two IGBT modules are summarized in
Table B.2. The calculation process of the cooling system (i.e., heatsink) volume is similar
to the ones described in [101], [122], which are simplified in the flowchart given in Fig. B.3.
First, practical assumptions on the junction temperature (7; = 125°C) and ambient tem-
perature (7, = 40°C) are set, where T could be changed depending the type of power
device used in the chopper. Then, the required thermal resistance of the heatsink, Ry,

can be obtained from:

(B.7)

where P4 is the total power loss produced by the power devices mounted in the heatsink
(including the conduction loss of the IGBT and FWD, switching loss, and reverse recovery
loss). Finally, the cooling system volume, Vs, can be determined based on the set value

of the cooling system performance index (CSPI) as:

Vi = CSPI_lRlHL. (B.8)

The CSPI value determines the indicates the cooling performance per unit volume of the

system, where higher value reflects higher performances.
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Appendix C

Power Loss Calculation

C.1 Power Loss Equation

The equations to the considered losses in the loss analysis can be commonly found in lit-

erature such as [127]-[131]. The IGBT conduction and switching losses can be determined

by:
TraBT-ON ‘ 9
PrgBT—cond = / (verin + Rieadir”) dt (C.1)
Tf+TT
Sw .
PraBr—sw = fQ/ vigBTiL dt . (C.2)

Additionally, the FWD conduction and reverse recovery losses can be determined by:

TrwD-ON . 9
Prwp—cond = / (vpir + Rieaqtir?) dt (C.3)

Trr
5 .
Prwp—_rr = Jsw 2W / VEW Dl dt (C4)

where veop is the collector-emitter saturation voltage of the IGBT, vy is the forward
voltage of the FWD, v;gpr is the IGBT voltage, vpwp is the FWD voltage, i,, is the
reverse recovery current of the FWD, and Rj..q is the internal lead resistance of the
IGBT. Trapr-on, Ty, and T, are the ON period, fall time, and rise time of the IGBT,
respectively, while Trwp_on and T, are the ON period and reverse recovery time of the

FWD, respectively. Further, the inductor loss can be determined by:

Pr, = Rrq.I7, (C.5)
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where Rpg. is the inductor dc-resistance. Based on [101], [104], it is given by:

27mn2a

kpobe’ (C.6)

Rde =

where k), is the fraction of the volume occupied by the conductors to the total volume of
the coil of the inductor. It can be estimated from the winding area packing factor, or the
cross-sectional area of the conductor divided by the cross-sectional area of the inductor
(ie., kp = %(%)2). Meanwhile, o is the electrical conductivity of the conductor material,

which in this dissertation is assumed to be iron (i.e., 0 = 1.77Q 'm™1).

C.2 Characteristics of the IGBT Modules

The IGBT power modules 1MBI1000UG-330 (Si-IGBT, 1-in-1, 3.3kV) from Fuji Electric
and CM1000DX-24T (Si-IGBT, 1-in-1, 1.2kV) from Mitsubishi Electric are used in the
designs of the CBC, TLFC, TLFC-PS, BCAC, BCSAC, and BCSAC-PS made in the
comparisons conducted in Chapter 3 and Chapter 4. Linear approximations of the module
specifications based on their respective datasheets are used to estimate the power losses.
Further, the specifications used in the approximations are the ones listed under the junction
temperature of T = 150° and the gate-emitter voltage of Vgr = 15 V.

The approximations of the characteristics shown in Fig. C.1 are used to calculate the
conduction losses of the IGBTs, where Fig. C.1la shows the collector current versus the
collector-emitter voltage of the 1MBI1000UG-330 module, while Fig. C.1b shows that of
the CM1000DX-24T module. Similarly, the characteristics shown in Fig. C.2 are used to
calculate the conduction losses of the FWDs, where Fig. C.2a shows the forward current
versus the forward voltage of the 1IMBI1000UG-330 module, while Fig. C.2b shows that
of the CM1000DX-24T module.

The approximations of the characteristics shown in Fig. C.3 are used to calculate
the switching losses of the IGBTs, where Fig. C.3a shows the rise and fall time versus
the collector curent of the 1MBI1000UG-330 module, while Fig. C.3b shows that of the
CM1000DX-24T module. Similarly, the characteristics shown in Fig. C.4 are used to
calculate the reverse recovery losses of the FWDs, where Fig. C.4a shows the reverse
recovery current and time versus the forward current of the 1IMBI1000UG-330 module,

while Fig. C.4b shows that of the CM1000DX-24T module.
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Figure C.1: Approximation results of the collector current versus the collector-emitter
voltage: (a) For the IMBI1000UG-330 module, (b) For the CM1000DX-24T module.
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Figure C.2: Approximation results of the forward current versus the forward voltage: (a)
For the IMBI1000UG-330 module, (b) For the CM1000DX-24T module.
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Figure C.3: Approximation results of the rise and fall time versus the collector curent: (a)
For the 1IMBI1000UG-330 module, (b) For the CM1000DX-24T module.
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Figure C.4: Approximation results of the reverse recovery current and time versus the for-
ward current: (a) For the IMBI1000UG-330 module, (b) For the CM1000DX-24T module.
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