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Foreword

FOREWORD

Before delving into this dissertation, I would like to share a few thoughts
with you. As written on the cover page, this is a doctoral thesis about DC-DC
power converters. If you are searching for research in this field, I am truly hon-
ored that this work might serve as a valuable reference for you. If your interests
lie elsewhere, I am equally grateful that you have found your way to my research
and are taking the time to read this foreword.

I do not refer to any technical knowledge or specific expertise, but rather a
mindset—a way of approaching life and thinking problems in this foreword. I
hope this can really help you and be a reference to your work and life.

First, embrace your present circumstances with a positive outlook, whatever
the challenges you are facing. Perhaps, like me in 2024, you are overwhelmed by
the demands of pursuing a degree. Maybe you are feeling dejected after a stern
critique from your supervisors last week. You might be anxious about not get-
ting your dream job offer or frustrated that the experimental setup you spent
months designing has failed to work as expected. When these moments arise,
set aside your work (unless tomorrow is the deadline!) and step out of your
office or home. Spend an entire day breathing in fresh air and reconnecting with
the world outside. Remember, as long as you keep moving forward, things will
improve. Suffering is not a prerequisite for solving problems, but a good night’s
sleep often is.

Additionally, cherish the people around you—your friends, family, and su-
pervisors. Their contributions to your journey are not limited to material sup-
port; they enrich your heart and soul, shaping the unique individual you are
today.

Finally, do not take all the ideas presented in this thesis at face value. Even
if you feel uncertain, approach everything with a critical mindset. I once pub-
lished an article in one of the most esteemed journals in our field with an error
in a formula, and the reviewers did not catch it. Regrettably, even after I dis-
covered the mistake, I could no longer revise it. This serves as a reminder: you
should never place blind trust in “authority,” whether it is historical figures or
your supervisors. It is up to you to discern what is right and wrong through
your own reasoning. If you find yourself questioning a particular formula or
explanation, trust yourself rather than what you see or hear.






Abstract

ABSTRACT

This dissertation presents a study on a three-phase isolated bidirectional
DC-DC power converter based on three-phase dual-active-bridge (TP-DAB)
converter and multilevel cascaded converters. The proposed converter is suitable
for battery energy storage systems.

In the first part, a three-phase cascaded converters DC-DC converter using
cascaded choppers, Yn-Y transformer, and neutral point wire is introduced
(Chapter 3). Compared with the TP-DAB converter, it has advantages such as
low RMS current, low peak current, and high conversion efficiency especially
under light-load conditions. In addition, an improvement method applying var-
iable duty ratios to the two three-phase bridges in the proposed converter is
discussed (Chapter 4). The variable-duty method can almost eliminate the zero-
sequence current component and then further reduce the RMS and peak cur-
rents possibly flowing in the circuit. All the verifications of this part are based
on mathematical calculations and downscale experimental results.

Furthermore, the cascaded converters DC-DC converters can be categorized
into four types based on the presence or absence of a neutral point wire of the
Yn-Y transformer and the type of cascaded converters used. The first part of
this dissertation discusses the simplest, basic type cascaded converters DC-DC
converter. However, the basic type suffers from overmodulation issues, which
limit the voltage conversion ratio and output current. In another part of this
dissertation (Chapter 5), other types of three-phase cascaded converter DC-DC
converters will be discussed. These converters utilize floating voltage, full-bridge
converters, or both to overcome overmodulation issues, thereby eliminating the
limitations on the voltage conversion ratio and current. Finally, this dissertation
provides a cost index approach to evaluate the remaining three types of con-

verters.
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ABBREVIATIONS

AC Alternating Current

CC Cascaded Choppers

CFB Cascaded Full-Bridge

DAB Dual Active Bridge

DC Direct Current

DPS Dual Phase Shift

DSP Digital Signal Processor

EPS Extended Phase Shift

ESS Energy Storage System

EV Electric Vehicle

FB Full Bridge

FPGA Field Programmable Gate Array
HB Half Bridge

HVDC High Voltage Direct Current
IGBT Insulated-Gate Bipolar Transistor
KVL Kirchhoff's Voltage Law

LVDC Low Voltage Direct Current
MMC Modular Multilevel Converter
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
MPPT Maximum Power Point Track
NNPW None-Neutral-Point-Wire Type
NPC Neutra-Point-Clamped

NPW Neutral-Point-Wire Type

PCS Power Conversion System

PI Proportional-Integral

PLL Phase-Locked Loops

PS-PWM Phase Shifted Pulse Width Modulation
PV Photovoltaic

PWM

Pulse Width Modulation
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RES

RMS

SoC

SP

SPS
STATCOM
TP

TPS

ZCS

ZVS

Renewable Energy Source

Root Mean Square

State of Charge

Single-Phase

Single Phase Shift

Static Synchronous Compensator
Three-Phase

Triple Phase Shift

Zero Current Switching

Zero Voltage Switching
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Chapter 1 INTRODUCTION

1.1 Research Background

1.1.1 Industrial Revolutions and Electrification

The development of human society is closely linked to the evolution of en-

ergy forms. Several centuries ago, the primary energy source for human society

was manual labor. During this time, large-scale activities were challenging to

undertake, which is why The Pyramids were considered one of “ancient won-

ders”. In 1760, the onset of the First Industrial Revolution marked the beginning

of the transition from traditional agrarian society to the industrial age. From

this point, the primary energy source shifted from manual labor to mechanical

energy. Mechanical energy, being a more powerful source, replaced manual labor

and significantly advanced society's economy, transportation, and agriculture.

However, the achievements of the First Industrial Revolution were not without

flaws; it faced three major issues:

Mechanical energy is primarily obtained through the process of “re-

be A1)

source”- “combustion”- “heating”- “pressurization”- “drive” (“RCHPD?”).
The inefficient energy production methods may lead to potential resource
shortages in human society

Mechanical energy is a difficult-to-control form of energy.

The processes of "combustion" and "heating" are unavoidable and pose

environmental hazards.

In fact, although mechanical energy, represented by steam engines, did indeed

elevate the level of industrialization, the energy efficiency at that time was very

low. For example, even the best steam engines in history achieving an efficiency
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Figure 1-1 Maximum efficiencies of engines and turbines, 1700-2000 [1].

* ICE: internal combustion engine

of no more than 25% as shown in Figure 1-1 [1].

However, humanity did not stop there. In 1870, the Second Industrial Rev-
olution began. Compared to the First Industrial Revolution, the forms of energy
in society changed once again. In 1878, Joseph Wilson Swan patented the first
incandescent light bulb, an event that marked the official entry of human soci-
ety into the electrical age [2]. Compared to mechanical energy, electricity was
safer and easier to control. Additionally, the ability to quickly transmit made
electricity a primary energy source for human society, leading to its widespread
adoption around the world.

Electricity, as an almost perfect “energy”, has nearly revolutionized human
society, providing power for various applications such as lighting, computing,
and healthcare. However, there is a significant issue: controllable electricity for
humans is not naturally occurring. Collecting natural electricity (like lightning)
to power human needs is nearly impossible. Until recently, humans primarily
generated electricity through combustion-based technologies, which are quite
similar to steam engines. Therefore, although electricity appears very clean and

efficient, this perception is largely due to focusing on the consumption of elec-
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tricity while ignoring the inefficiencies of its generation. Furthermore, as previ-
ously mentioned, traditional fossil-fuel-based power generation methods still
cannot avoid the "RCHPD" process. This is why, even though the Second In-
dustrial Revolution greatly increased human productivity, “resources” have re-

mained an unavoidable issue.

1.1.2 Resource Scarcity and Environmental Issues

As we mentioned above, “resources bring electricity, and electricity brings
development.” It was published by China's National Energy Administration that
the per capita residential electricity consumption in China increased from 500
kWh to 1000 kWh from 2013 to 2023 [3]; additionally, in 2023, China's total
electricity demand reached 9224.1 TWh [4], accounting for approximately one-
third of the world's total electricity demand (29471 TWh) [5]. It can clearly be
seen, societal development reflects the substantial energy demand, as well as the
corresponding resource demand. However, the distribution of resources on the
earth is highly “unequal,” leading to constant conflicts and wars over resources
16][7][8]. According to the annual survey report [9], fossil fuel power plants re-
main the dominant energy source over the world until 2023. Resources used as
fuel, such as coal, oil, and natural gas, are generally considered non-renewable;
besides, they have other industrial values (such as chemicals and materials)
beyond the use as energy sources. Therefore, it can be conducted that energy
shortages are a foreseeable societal issue in near future.

In addition to thermal power generation, humans have experimented with
other methods of producing electricity, such as nuclear power plants and hydro-
electric stations [10[[11]. These methods do not require large amounts of non-
renewable resources; however, they pose significant potential environmental
risks. For instance, the Fukushima Daiichi nuclear disaster in 2011 highlighted
the severe consequences of nuclear power failures, resulting in massive radioac-
tive contamination and long-term evacuations [12|. Similarly, the Chernobyl dis-
aster in 1986 remains a stark reminder of the catastrophic risks associated with
nuclear power, leading to widespread health and environmental impacts [14][15].

Furthermore, large hydroelectric projects like the Three Gorges Dam have been
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associated with significant environmental and social impacts, including displace-
ment, increased flood risks, and reduced biodiversity [15]. Another longstanding
issue is global climate change [16][17]. Large amounts of greenhouse gases, par-
ticularly carbon dioxide, are being released into the atmosphere primarily due
to the essential “combustion” process in thermal power generation. Climate
change has caused significant economic losses and social disruption globally.
Despite the rapid development of carbon capture and storage technologies that
have somewhat mitigated the trend of climate change [18][19], reducing the re-
liance on thermal power plants remains central to addressing global warming.
Thus, even though the Second Industrial Revolution greatly improved hu-
man productivity, society now faces new challenges such as resource allocation

and environmental degradation. The next energy revolution is urgently needed.

1.1.3 RES

In 1839 the photovoltaic effect was first observed; then in 1983, the world's
first PV power station was built, with a capacity of 5.2 MW [20]. On the other
hand, the 1973 oil crisis significantly forced the United States' government ap-
proach to the involvement of wind energy research and development. From 1973
to 1986, the commercial wind turbines market evolved from domestic and agri-
cultural (1-25 kW) to utility interconnected wind farm applications (50-600 kW).

Estimated Renewable Electricity Capacity Additions
T T 100

700 I T T T T

I
B Solar PV
e Wind
600 H—®— % of Wind and PV

500

400

[GW]

[%]

300

200
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2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

Figure 1-2 Estimated renewable electricity capacity addition per year [24].
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China Renewable Energy Installed Capacity
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Figure 1-3 Totally Installed RES Capacity in China [28].

This period is considered a milestone in the history of wind energy [21]. These
moments signal the potential for a new energy revolution.

Compared with the conventional fossil fuel power plants, wind and photo-
voltaic power generation processes are entirely different. Unlike the RCHPD
process in thermal power plants, wind or photovoltaic power generation is a
“resource”- “physical or chemical transformation”-“drive” process. Although the
efficiency of this process is also not very high [22], it has the following ad-

vantages:

= There is no combustion process, so it does not produce any greenhouse
or toxic gases, causing minimal environmental impact.

= The “resources” required for wind and photovoltaic power generation are
not like those non-renewable fossil fuels but rather a form of “natural
force”. This “natural force” has vast reserves and does not belong to any
person, country, or organization, thus avoiding conflicts and disputes.
This can help prevent tragedies like the Gulf War, which was triggered

by the competition for resources.

As we mentioned previously, although resources for hydroelectric and nu-

clear power are also renewable, they pose potential environmental and ecological

5
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RES Ratios over World
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Figure 1-4 RES ratios over world [24].

hazards. Therefore, wind and photovoltaic power can be considered truly clean
and green RES, as the most promising energy forms to lead the next societal
revolution [23].

The discussion in this dissertation is mainly based on the RESs of PV and

wind power. For convenience, RES indicates PV and wind power hereafter.

1.1.4 Power Grid Resilience and ESS

Since the 21" century, human society has increasingly focused on the devel-
opment of PV and wind power. Especially after 2010, the installed capacity of
RES in various countries has grown explosively. According to the statistics, by
2023, the newly installed RES capacity worldwide was approximately 507 GW,
with PV and wind power accounting for about 95% of this capacity, as shown
in Figure 1-2 [24] .

Due to the rapid development of photovoltaic and wind power, a significant
amount of RES has been integrated into the grid. Globally, as of 2023, the
world's total electricity generation was 30,000 TWh, with PV and wind power
generating a total of 3935 TWh, accounting for 13.4% (3422 TWh, 11.9% in
2022) [5]. China's growth in this sector has been particularly remarkable. By
2023, China's total installed power generation capacity reached 3.01 TW [26],
with solar and wind power contributing 1.1 TW [27], exceeding 33% of the total
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Power on Power Grid
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Figure 1-5 Electricity power curve during the day of a hypothetical city.

capacity. Figure 1-3, based on data released by the State Grid Corporation of
China, shows the total installed capacity of the three energy forms in China [28];
Figure 1-4 shows the ratios of RES capacity over the world [24]. According to
these data (historical and forecast), it is evident that not only China, but also
the world is gradually moving away from environmentally harmful hydroelectric
power and is committed to developing photovoltaic and wind power [29].

It is reasonable to believe that there will be more and more renewable en-
ergy sources (RES) installed and integrated into the grid in the future. However,
the penetration of renewable energy resources (RES) is decreasing the resilience
of current power grid due to their intermittent nature [30|[31]. In addition, the
growth of RES is decreasing the inertia of our power grid, because the RES is
based on inverters instead of rotating generators [32][33|[34]. Thus, the power
grid could be unstable and uneconomic if no measures are taken.

“Why the power grid resilience is so important?” To explain it, the concepts
of “baseload power” and “peaking power” are necessary. The power grid is a
very special and fragile system that can only function properly when the input
power (generation) equals the output power (load). Whether the input exceeds
the output or vice versa, the power grid faces potential risks. However, the load
on the grid is often not constant; it is a fluctuating curve [35]. The lowest point
on this curve is known as "baseload power," representing the daily power demand

of people's lives and the minimum power requirement of the grid. This curve
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also has a peak power value, which is often much higher than the baseload
power. Although peak power usually lasts for a short duration, the grid, as a
balanced system, still needs to consider meeting this temporary demand. The
power used to reach the peak is referred to as "peaking power.". Typically, base-
load power is provided by more stable sources such as fossil fuels, nuclear, and
hydropower, while peaking power is supplied by RES. Figure 1-5 shows the
electricity power curve of a hypothetical city that heavily relies on PV during
the day. As shown, from 0 AM to 8 AM, the load demand is low because most
people are resting, keeping the system in a balanced state. From 8 AM to 11
AM, due to the morning rush, the electricity demand reaches peak, causing the
grid to be in an overloaded state. From 11 AM to 5 PM, the demand decreases,
and the grid experiences a surplus of electricity. After 5 PM, the second rush
hour and increased recreational activities lead to another spike in demand, again
putting the grid in an overloaded state. Since PV can only generate electricity
during the daytime (8 AM to 5 PM), the power grid of this city experiences a
significant surplus of electricity during the day and an overloaded state in the
morning and evening, which is highly unhealthy.

For example, in Japan, in October 2018, some PV generation in the Kyushu
region was required to stop by the power company due to excess generation [36].
Similarly, in June 2023, PV and wind power generation in the Kansai region
were halted for the same reason [37]. However, in August 2023, in the Tokyo
region, Tokyo Electric Power Company urged residents to conserve electricity
138]. According to its official website, Tokyo's reserve margin for peak load
reached a low of only 6% twice in August 2023 [39].

Meanwhile in Taiwan, the government has clearly stated its policy of phas-
ing out nuclear power and increasing the proportion of RES [40][41]. However,
the 2021 blackout in Kaohsiung dealt a significant blow to society [42][43]. Alt-
hough the Kaohsiung blackout might not be directly related to the cancellation
of nuclear power, it could imply that baseload power requirements are not being
met. Additionally, due to the instability of RES, it may not be able to compen-
sate for any shortfall in baseload power promptly, leading to grid overloads.
Therefore, if grid stability is not prioritized, incidents like the Kaohsiung black-
out must occur again in the future (2022 Hsinta Power Plant outage [44]).

In summary, the large-scale integration of RES into the power grid can lead
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Figure 1-6 ESS in local power grid.
to several potential issues and risks:

= Insufficient Power Generation at Night or During Calm Periods: Since
RES like solar and wind power depend on environmental conditions, solar
power generation stops at night, and wind power can be unreliable during
calm weather. This can lead to insufficient power generation and low
electricity reserves, impacting the baseload power supply [45][46].

= QOvergeneration and Negative Electricity Prices: During periods of high
RES output, such as sunny or windy days, there can be an overproduc-
tion of electricity. This surplus can cause market prices to drop signifi-
cantly, sometimes even turning negative [47].

= Grid Stability and Reliability: The intermittent nature and low inertia
of RES can cause frequent fluctuations in the grid. This instability makes
it challenging to maintain a consistent and reliable power supply, as RES

cannot always respond quickly enough to changes in demand [48].

To address these issues, it is necessary to equip RES with corresponding



Chapter 1 Research Background

capacities of ESS [49][50|[51][52]. Figure 1-5 shows a solution for that hypothet-
ical city with ESS. By using ESS, excess electricity generated from 11 AM to 5
PM is stored to avoid low price and waste. Then, the stored electricity is released
from 8 AM to 11 AM and from 5 PM to 12 PM. It is evident that integrating
ESS and planning power reserves effectively can mitigate the potential risks
posed by RES to the grid.

ESS typically involves a quantity of batteries that can convert electrical
energy into chemical energy for storage. Moreover, recent research suggests that
supercapacitors, which can directly store electrical energy, might become the
next generation of energy storage media [53][54]. There have been numerous
studies on ESS, all indicating that ESS can enhance grid stability and stabilize
the electricity market [55]. The Chinese government has also introduced policies
requiring that new RES installations must be equipped with ESS equivalent to
5%-20% of their capacity before they can be integrated into the grid [56]; there
is another fact that the total installed ESS in China, until July, 2024, has been
reported as 44.44 GW (99.06 GWh) [57]. Therefore, it can be said that a variety
of centralized, distributed and equivalent ESS will continue increasing and play
a crucial role in the future power grid [58]. This dissertation mainly focuses on
issues of the battery-based ESS.

In this context, a high-performance power conversion system can increase
the energy utilization and ensure the stored energy can be released correctly to
rectify the fluctuation in power grids [59][60][61]. For example, an MMC for ESS
was proposed in [61], which can simultaneously provide an active and reactive
power compensation to the power grid, thereby improving the system resilience.
As a result, it is evident that a high-performance power conversion system can
effectively elevate the power grid stability. A high-performance power conversion

system features:

» [Efficient energy conversion;
= Rapid demand response;

= Excellent peaking shaving ability and stability;

on the other hand, a high-performance power conversion system can also facili-
tate the development and installation of ESS, consequently further enhancing

the reliability and resilience of power grids integrated with a mount of RES.
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1.2 Research Objectives: DC-DC for ESS in LVDC Grids

Figure 1-6 shows a schematic of a future power grid, which includes a large
grid with HVDC transmission lines and AC transmission lines, as well as a local
grid with LVDC distribution lines, PV fields, and local loads. In the local grid,
ESS plays a critical role. It stabilizes the local LVDC grid and mitigates the
impact on the larger grid during periods of insufficient PV generation or sudden
increases in local load demand. Figure 1-7 depicts a microgrid, which can oper-
ate independently of the larger grid but can also connect to it when necessary.
ESS is equally crucial in microgrids; it ensures stability during standalone op-
eration and maintains power quality when integrated with the large grid.

Increasing research suggests that using DC as the electricity carrier for local
grids and microgrids may be more advantageous [62|[63][64]/65]. Compared to
AC, DC offers several benefits due to the absence of PLL and harmonic distor-
tion issues. These advantages include the elimination of the skin effect, higher

transmission efficiency, and greater flexibility in distributed power systems. In
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Figure 1-8 Bidirectional isolated DC-DC converter for ESS in LVDC grid.

fact, numerous studies indicate that DC might be more conducive to the inte-
gration of RES and the formation of distributed grids than AC
166][67][68][69][70]. Additionally, the voltage levels in local grids and microgrids
are typically below several kilovolts, making the integration of ESS in LVDC
grids a popular topic in recent years.

As previously mentioned, the primary focus of this dissertation is the DC-
DC PCS for ESS in LVDC grids. Figure 1-8 illustrates a bidirectional isolated
DC-DC converter used for ESS in a LVDC grid. This converter connects to the
LVDC grid and storage batteries. When there is surplus power generation in
the grid, this converter can store the electrical energy in the batteries. Con-
versely, when the load increases, this converter can release the stored energy
from the batteries back into the grid. Besides, the converter shown in Figure 1-
8 is a three-phase transformer-isolated bidirectional DC-DC converter, typically
suitable for several-kilovolts hundreds-kilowatts ESS. This converter uses a
transformer for galvanic isolation, ensuring the safety of both the energy storage
station and the grid. Compared to single-phase structures, the three-phase
structure offers greater capacity and compatibility. Moreover, increasing the ca-
pacity in LVDC grids is straightforward, as multiple units can be paralleled
without the need for PLL synchronization.

Nowadays, various types of bidirectional DC-DC converters have been pro-
posed and studied, each with their own advantages and disadvantages. Among
them, the DAB converter is a widely used type of “Figure 1-8” converter, known
for its simple structure, low cost, and high efficiency. However, the DAB con-
verter also has some drawbacks, such as lower efficiency at light loads and when
the voltage conversion ratio deviates from one.

The main work presented in this dissertation can be summarized as the

12
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proposal of a new bidirectional isolated DC-DC converter improved from the
DAB converter. This new converter retains the structure shown in Figure 1-8
and is suitable for ESS in LVDC grids, while can offer better performance under
certain conditions compared to traditional DAB converters. Meanwhile, this
dissertation provides the details of the proposed DC-DC converter, including its
circuit topology, the structure of auxiliary converter, operating principles, the
initial charge of the auxiliary converter, the improvement method using variable

duty ratios, and the discussion of neutral point wire.

1.3 Outline of This Dissertation

The main body of this dissertation is divided into Six Chapters. The Chap-
ters of the dissertation deal with the main ideas of the research efforts. A list of
publications and reference bibliography follows the last Chapter.

Chapter 1 provides a background introduction for the entire dissertation. It
reviews the history of energy, mainly focusing on the transitions from the First
Industrial Revolution to the modern, highlighting the significant changes in en-
ergy forms. From a historical perspective, it is "electricity" that truly trans-
formed societal structures and enabled significant progress. As human society
advances, the demand for electricity continues to rise. Traditional power gener-
ation methods (fossil-fuel, nuclear, hydropower) consume resources or harm the
environment, thus environmentally friendly RES such as PV and wind power
are gaining importance. However, the integration of these RES into the power
grid introduces potential risks, while installing more ESS helps stabilize the grid.
This dissertation focuses on a new bidirectional isolated DC-DC converter de-
signed for energy storage stations in local LVDC grids or microgrids.

Chapter 2 provides a literature review of bidirectional isolated DC-DC con-
verters. The DAB converter is a well-known and widely used type of bidirec-
tional isolated DC-DC converter. However, it has drawbacks such as high reac-
tive power losses under light load and narrow range of voltage conversion ratio.
This Chapter reviews the fundamentals of DAB converters and discusses the
advantages and disadvantages of conventional DAB converters and resonant
DAB converters. Then, it proposes a derived circuit based on the conventional
DAB converter topology, using multilevel cascaded choppers to improve perfor-

mance. Finally, the classification for the proposed cascaded converters DC-DC
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converters is introduced.

Chapter 3 mainly focuses on the most basic cascaded converter - the cas-
caded choppers DC-DC converter with neutral point wire, called as NPW-CC
DC-DC converter. This Chapter explains the main operating principles and
equation derivations of the proposed CC DC-DC converter. Comprehensive
comparisons between the conventional TP-DAB converter in terms of RMS cur-
rent, peak current, and conversion efficiency are carried out. Finally, the NPW-
CC DC-DC converter is experimentally validated by a 150 V, 2.5 kW prototype.

Chapter 4 addresses an issue in the NPW-CC DC-DC converter: zero-se-
quence current. This target is achieved by applying variable duty cycle in the
converters. This method can theoretically make the zero-sequence current equal
to zero, and subsequently further reduce the RMS and peak currents. This
Chapter also includes experimental results for feasibility verifications and zero-
sequence current reduction effect.

Chapter 5 discusses another issue of the NPW-CC DC-DC converter. This
problem may cause overmodulation of the auxiliary converter, limiting the ca-
pacity and making the NPW-CC DC-DC impossible for high step-up applica-
tions. This Chapter carries out a detailed review for other types of cascaded-
converters DC-DC converter that can overcome the overmodulation concern.
The operating principles of the cascaded choppers DC-DC converter without
neutral point wire (called NNPW-CC converter) are introduced in this Chapter.
Furthermore, this Chapter also discusses the advantages and disadvantages be-
tween all types of cascaded-converters DC-DC converters.

Chapter 6 summarizes the entire dissertation. In addition, this Chapter
gives a brief discussion of the issue of optimal switching frequency and outlines

work directions for convenience in subsequent research.
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Chapter 2 LITERATURE REVIEW

2.1 Isolated Bidirectional DC-DC Converters for ESS

The rapid expansion of RES and ESS has facilitated the development of
power conversion systems with galvanic isolation, bidirectional power transmis-
sion, and large capacity. To establish connections between the dc grids and
storage stations, DC-DC converters play a crucial role [71][72][73][74].

Isolated bidirectional DC-DC converters are increasingly important in the
integration of ESS within future power grids [75]76]. These converters not only
provide crucial galvanic isolation, ensuring safety and preventing electrical faults
from propagating across different parts of the system, but they also enable bi-
directional power flow, which is essential for dynamic energy management. In a
grid that is becoming more reliant on RES, which are inherently variable, the
ability to store energy when supply exceeds demand and to release it when
demand is high is critical. Bidirectional DC-DC converters facilitate this process
by allowing energy to flow both into and out of storage systems seamlessly. This
capability ensures that ESS can respond quickly to fluctuations in energy supply
and demand, contributing to grid stability. Furthermore, the flexibility offered
by isolated converters in terms of voltage conversion and system integration is
vital as the grid incorporates a wider range of energy sources and storage tech-
nologies. The converters' ability to maintain high efficiency and reliability, even
when managing bidirectional power flow, makes them indispensable in ensuring
that future grids can operate effectively and securely.

In summary, the combination of galvanic isolation, bidirectional energy flow
management, and high efficiency positions isolated DC-DC converters as a cor-
nerstone technology for the future of energy storage and grid management.

Figure 1-8 in the previous section illustrates a typical scheme of a bidirec-
tional dc-dc power converter for ESS in LVDC grids, with galvanic isolation
provided by a low/middle-frequency three-phase transformer. In general, both

ends of a bidirectional DC-DC converter are power sources (or grids). The power
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can be transmitted between the dc grids and the batteries according to real-
time power generation and consumption requirements. In fact, many DC-DC
converters incorporate a structure similar to that shown in Figure 1-8, e.g.,
bidirectional full-bridge converters, bidirectional flyback converters, and Cuk
converters, etc. [77][78][79]. Among these, the DAB converter and its derived
circuits are the most frequently mentioned types of bidirectional isolated con-
verters. The following of this dissertation begins by discussing the advantages
and disadvantages of the DAB converter and will then propose a new solution

based on it.

2.2 DAB Converters

2.2.1 Single-Phase (SP) DAB Converters

The SP-DAB converter was first published on IEEE in 1991 [86], though it
likely had been invented earlier. In fact, NASA had reported a 50 kW SP-DAB
converter in 1989, achieving a relatively high power density of 0.2-0.3 kW /kg
87]. Nowadays, the SP-DAB converter is a widely researched and utilized DC-
DC converter for EV, ESS, and grid applications, well known for its controllable
output power, high efficiency, ZVS, high power density, bidirectional power
transfer, and electrical isolation. Compared to traditional Buck/Boost choppers,
the SP-DAB converter operates at a higher frequency and conducts power
through pure AC current. As a result, the SP-DAB converter requires smaller
inductance in its circuitry [88].

Figure 2-1 shows the typical circuit configuration of the SP-DAB converter,
where IGBTs are used as power devices in it. As can be seen, the structure of
the SP-DAB is very simple, consisting of only eight power switches, one inductor,
and one transformer. Unlike other DC-DC converters, the SP-DAB converter
generates current by controlling the voltage difference between the left and right
bridge arms of the transformer. This voltage difference is typically achieved
through phase-shift modulation or duty cycle modulation (or a combination
modulation of both). Therefore, it is important to note that the SP-DAB con-
verter supports various modulation methods, such as the well-known SPS mod-

ulation, DPS modulation, EPS modulation, TPS modulation, and other optimal
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modulation techniques. Figure 2-2 illustrates the key waveforms of the SP-DAB

converter using SPS modulation. Obviously, it is evident that the SP-DAB con-
verter generates current by creating a voltage across the inductor through phase
shift. As discussed in the literature [79], the transferred power of the SP-DAB
converter is positively correlated with the phase shift angle (¢). However, due
to the phase shift (i.e., the voltage difference between the two sides of the
transformer), the SP-DAB converter inevitably faces the following issues, re-

gardless of the modulation method used:
= When the phase shift angle is small (light load conditions), the circuit
can still generate currents (particularly when V,,#nV,,). However, the

currents are mostly reactive (i.e., they do not contribute to power trans-
fer).
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= The circuit lacks compensation methods, making it difficult to avoid har-

monic components.

= 7ZVS may not be achieved when V,.,#nV,, and when light-load, resulting

in high switching power losses to the converter.

Although the above issues can be mitigated by using more complex modu-
lation methods, they cannot be entirely resolved due to the inherent limitations
of the SP-DAB circuit structure [80][81][82]. For example, DPS is a modulation
method that utilizes two phase shift angles [80]. It can extend the ZVS range of
the SP-DAB converter while reducing the peak current in the circuit. However,
significant reactive current and harmonic components still persist in the circuit,
which increases the RMS current and results in higher conduction losses. Fur-
thermore, the introduction of additional parameters through complex modula-
tion methods such as DPS and TPS can lead to degraded transient performance,
increased peak values, biassed current, and potential saturation risks to the
transformer [83][84][85]. These added complexities may cause instability or un-
expected behavior (such as current and voltage spikes) in the converter, thereby
posing concerns for the overall system.

*The Doctoral Student in Fujita Lab, Kaiji Hazawa, majors in the transient
performance of SP-DAB converter using hybrid modulation. If you have any

interest in it, please refer to his research documents.

2.2.2 Three-Phase (TP) DAB Converters

The TP-DAB converter was also first presented on [EEF, in 1991 [86]. In
fact, it may have appeared possibly earlier than 1989 [89], but it is difficult to
verify. The three-phase circuit topologies are adopted to meet the growing de-
mands of renewable energy generation and ESS, owing to its higher power ca-
pacity and integration compared to the SP-DAB converter (3 times power with
12 power devices vs 1 time power with 8 power devices). The circuit topology
of the conventional TP-DAB converter is shown in Figure 2-3, where only two
TP bridges and one TP transformer are utilized. Over the years, there are a
quantity of research regarding the TP-DAB converter have been done and pub-
lished [90]-[104].

Although the TP-DAB converter and the SP-DAB converter have a similar
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0<6 </ (b) when T <6<27/ .

19



Chapter 2 DAB Converters

structure, they still differ in operating principles. Figure 2-4 illustrates the key
waveforms of the TP-DAB converter using SPS modulation. Specifically, Figure

2-4 (a) shows the waveforms when 0<¢ < T 5 while Figure 2-4 (b) displays
the waveforms when % <¢p< 2%. Both SP-DAB converters and TP-DAB

converters are attractive solutions for battery charge and grid interface applica-
tions [103][104]. Nevertheless, they have some differences as follows:

= TP-DAB converter has higher capacity and integration;

= TP-DAB converter does not have third harmonics, resulting in a current

waveform closer to a sinusoidal shape;

= TP-DAB converter presents lower peak and RMS values, but only with

SPS;

= TP-DAB converter has smaller voltage and current ripples [104];

= SP-DAB converter has wider ZVS range [104].

Furthermore, the SP-DAB has many multi-degree-of-freedom modulation
and hybrid modulation, e.g., DPS and TPS, which may help improve the con-
verter performance of SP-DAB converters. Despite, implementing these on the
TP-DAB is more challenging due to its more complex structure. Although some
scholars are still making attempts, e.g., literature [100] introduces a novel asym-
metrical phase shifted square wave modulation and succeeds to extend the soft
switching range when the transformer impedances are unbalanced. However, the
modulation methods available for the TP-DAB are significantly fewer than
those for the SP-DAB. Recent research indicates that SPS remains the most
mainstream modulation method for TP-DAB converters [96][97]/98][99].

In addition to the typical TP-DAB converter of Figure 2-3, lots of derived
circuit and improved control methods based on the TP-DAB converter have
been proposed and studied [91][100][101][102][103]. They provide a range of
functionalities, such as higher voltage withstand capability, lower peak currents,
or a wider ZVS range. For example, literature [102] mentions some circuits of
the TP-DAB converter, derived from NPC converter, T-type converter, MMC,
and etc., which can increase the voltage level and can widen the application
range.

These enhancements make TP-DAB-based circuits versatile in addressing

specific application requirements, further expanding their utility in different
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Figure 2-5 Normalized RMS and peak currents of TP-DAB converter for 1-W active power
(using SPS), when V,, = 150 V.

power conversion scenarios. Nevertheless, the SP-DAB converter shown in Fig-
ure 2-2 and the TP-DAB converter shown in Figure 2-3, particularly those using
SPS modulation, remain the dominant solutions in the field. In summary, for
low-power, high-frequency, and highly integrated applications, the SP-DAB con-
verter is clearly the better choice. On the other hand, the TP-DAB converter is
more suitable for high-power, low-frequency, and long-duration applications.
Additionally, due to the smaller voltage and current ripple in TP-DAB convert-
ers, they can help extend the lifespan of energy storage batteries. For systems
that require high stability and long-term operation, the TP-DAB converter may
also be the better option.

Due to the background of this dissertation is large-capacity grid-tied ESS,
thus, the focus is on the TP-DAB converter.

2.2.3 Issues of Conventional DAB Converters

Despite the many advantages of DAB converters (including both SP-DAB
converters and TP-DAB converters), no converter is without drawbacks. The
DAB converter also faces several issues [105][106][107][108][109]. In this context,
this dissertation primarily discusses and attempts to address a significant issue

of the TP-DAB converter:

= when the voltage conversion ratio is not equal to one or when the phase
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shift angle (¢ ) is relatively small (i.e., under light load), the TP-DAB
converter requires very high currents to transmit power.
Figure 2-5 shows how much RMS and peak currents are needed for transmitting
1-W active power in a TP-DAB converter under different phase shift angle,
when the DC input voltage is 150 V. The y-axis is normalized for eliminating
the disturbance from parameters. When the voltage conversion ratio is equal to
one, the TP-DAB converter needs low RMS and peak current for 1-W active
power, just like well-known. However, when the voltage conversion ratio is not
one, the TP-DAB converter needs a very high RMS and peak current to trans-
mit 1, particularly under light-load condition. This limitation restricts the ap-
plication range of the TP-DAB converter, and additional DC link circuits are
often used at both ends of the TP-DAB to stabilize and regulate the voltage
conversion ratio. This problem is caused by reactive and distortion power pre-
sent in the circuit when the voltage conversion ratio is not one or under light
load conditions. These factors increase the RMS and peak currents. To better
understand the subsequent content, a brief introduction of the composition of
AC power is provided here. Please note that all of this part is based on the
IEEE standard [110].
Assuming the current and voltage can be represented by the following equa-

tions:

V= Z”ka,, s (21)
k=0

i= iy (22)
g=0

where v, and i; represent the fundamental components; v, and i (when
k=0, g=0) represents the DC components; rest of vy, and i, (when k=0, g=0)
represent the harmonic components.

Typically, AC power (apparent power) consists of three components: active
power, reactive power, and distortion power. Their fundamental relationship is
as follows:

S*=>"Pa+> Qh+> Di. (2.3)
In (2.3), S indicates the total apparent power; P,, indicates the active power
caused by k" voltage and ¢ current; Q,, indicates the reactive power caused by
k" voltage and ¢ current; D,, indicates the distortion power caused by k" volt-
age and ¢" current.

Apparent power is determined by the product of RMS values of v and
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S = Vrus X trus , (2'4)
Active power is solely determined by the load (no loss considered), repre-
senting the total power consumed. The equation for active power is:

P = ;P@ = ;kafrigfrdt, (2.5)

g=0 9=0
k=g k=g

When k=g, the corresponding integral term must be equal to zero. Thus, only
same-frequency components (including DC) can produce active power. There is

another representation of active power using RMS values as

P = E Py = vo.rus X to,rms + E Uiy, RMS X Lgf RMS X COS O (2.6)
=0 =1
g=0 g=1
k=g k=g

where o} is the corresponding phase difference between the same-frequency
components of vy and iy .

Reactive power represents the energy exchange of same-frequency compo-
nents within various energy storage elements in the system. Reactive power does
not flow to the load. Reactive power cannot be expressed by integral, and the
equation is:

Q= ZQ@ = kaﬁ,,RMs X dg rus X SIN Oy, . (2.7)

k=1 k=1
1
4

{ =
Distortion power represents the energy exchange of different-frequency com-
ponents within various energy storage elements in the system. Distortion power
does not flow to the load. Distortion power cannot also be expressed by integral,
and the equation is:
Diglieg = Vi rus X lgf RS - (2.8)
In the IEEFE standard, the non-active power N is used to denote the sum of
reactive power and distortion power, which is given by

N=J$->P =3¢+ > D (2.9)

In (2.6), coso; represents the power factor (PF), which indicates the pro-

portion of active power at a specific frequency. The power factor for the funda-
mental components coso; is defined as the fundamental power factor (or dis-
placement power factor), which is given by
1 .
— | vpipdt
P f frlfr
PF, = cosoy = — = T . (2.10)

1 UprrMSs X L RMS
Additionally, the total power factor (PF,,) is used to reflect the total effective
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work of the system. the total power factor is given by

PFOt - £

P
S \/ZP/WQ“‘ZQMQ"'ZD@Q .

Generally, a higher PF , indicates better system performance. However, this is

(2.11)

not absolute. In power electronics technology, some control may intentionally
reduce the total power factor to achieve other objectives, such as injecting har-

monics to reduce peak current.

2.2.4 Resonant DAB Converters

As previously mentioned, the performance of DAB converters is notably
poor under light load conditions due to harmonics and reactive power losses. As
mentioned previously, numerous studies have attempted to address the issues of
DAB converters. For instance, circuit resonance is a commonly used technique
to eliminate harmonics and improve the power factor. Additionally, the resonant
circuit introduces a new degree of control-frequency, which significantly in-
creases the flexibility of the converter. Furthermore, resonant DAB converters
typically have a wider ZVS range.

Many  studies have applied circuit resonance to SP-DAB
[111)[112][113][114][115][116] converters, as well as to TP-DAB converters
[117][118][119][120]. The performance of resonant converters is mostly deter-
mined by the structure of the resonant tank. Nowadays, resonant technology
has become quite advanced and various composite resonant circuits have been
developed and researched, such as LLC, LCCL, CLLC, and Dual-LCC configu-
rations. By adding a proper resonant circuit to the DAB converter, the converter
can achieve minimal RMS current (approaching a sinusoidal waveform), thereby
reducing conduction losses. For example, literature [117] mentioned a LCL TP-
DAB converter, which can significantly decrease the conduction loss and in-
crease the conversion efficiency, especially under higher conversion ratio. Simi-
larly, literature [120] firstly introduces a tank-reconfigurable resonant TP-DAB
converter. It can operate either as a TP-DAB resonant immittance converter
[119] or a TP-DAB series resonant converter. This characteristic allows the con-

verter to have wider ZVS range and lower conduction loss.
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Although resonant DAB converters can improve the performance of conven-
tional DAB converters to some extent, they still face some challenges. First,
because the inductors (L) and capacitors (C) of the resonant circuit are passive
components, power regulation may be difficult. The traditional approach is to
adjust the duty cycle or phase shift. However, adjusting the duty cycle can
increase circulating current, leading to higher losses. Similarly, phase shift inev-
itably results in low power factors on the primary and secondary sides. Moreover,
resonant converters are highly sensitive to frequency, requiring careful consider-
ation of the switching frequency, quality factor of resonant circuit, and higher-
order harmonic components during the design stage. As a result, the design
process for resonant converters is more complex compared to traditional con-

verters.

2.3 Requirements of Wider Voltage Conversion Ratio

Range and Higher Overall Efficiency

The previous sections introduced a typical bidirectional isolated DC-DC
converter: the TP-DAB converter. Its basic principles, advantages and disad-
vantages, and some of its derivative circuits were also discussed. However, the
TP-DAB converter has certain limitations, which restrict its application in ESS.
As previously mentioned, neither the TP-DAB converter nor its derivative cir-
cuits can perfectly solve the issues of low efficiency under light loads and a
narrow voltage conversion range. Generally, TP-DAB converters are often paired
with controllable AC-DC converters or DC link circuits and specific transform-
ers with matching turns ratios, so that the circuit operates under ideal condi-
tions (i.e., the product of voltage conversion ratio and windings turns ratio is
equal to one). However, such configurations also increase costs and reduce flex-
ibility.

Without the assistance of a DC link or other controllable circuits, the TP-
DAB converter suffers from increased losses. However, voltage fluctuations are
commonly encountered. For instance, the voltage in battery-based ESS is not
stable. Currently, two types of batteries—lithium-ion and lithium iron phos-
phate, are most likely to be used in ESS. The voltage of these batteries varies
with the SoC. According to literature [122], the voltage of a nominal 3.7 V
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Figure 2-6 Q-V characteristic of a specific lithium-ion battery [122].
lithium-ion battery can range from 3 V to 4 V depending on the SoC (-19% to
+8%) as shown in Figure 2-6. Literature [123] indicates that the voltage of a
nominal 3.2V lithium iron phosphate battery can range from 2.5 V to 3.5 V
depending on the SoC (-22% to +9%).

Moreover, besides SoC affecting battery voltage, battery aging also impacts
battery pack voltage. Literature [124] compares the voltage curves of degraded
and new batteries, showing that the voltage range of a nominal 3.7 V lithium-
ion battery changed from (2.7 — 4.2 V) to (3.1 — 4.2 V) due to degradation,
demonstrating that battery aging widens the voltage fluctuation range.

In addition to battery pack voltage fluctuations, the grid voltage is also not
a stable value. For example, onboard energy storage systems for trains [125]
often face voltage fluctuations on both the battery and grid sides. Literature
[126] discusses the voltage fluctuation of the 1.5 kV DC grid used in Japan's
railways, which typically ranges from 870 V to 1780 V, and describes a flywheel
compensation device that stabilizes grid voltage to (1130 V to 1700 V). Similarly,
other studies, such as [127], present an energy storage system that uses regen-
erative power to improve railway grid voltage, applied to the tram system in
Kagoshima of Japan. This tram system operates on a 600 V DC grid, with grid
voltage fluctuating between 360 V and 750 V. The energy storage system uses
nominal 302 V lithium-ion batteries, with voltage fluctuations between 244 V
and 344 V.

There are also other reasons causing unstable voltage in DC grids. For ex-
ample, the output voltage of PV systems is not constant. Additionally, since PV

systems require MPPT control to ensure maximum power output, the voltage
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Figure 2-8 Voltage waveforms of (a) conventional two-level inverter, and (b) MMC.

they supply to the grid is typically influenced by the load size and solar irradi-
ance. By applying MPPT, the output voltage of a commercially available single
PV cell is 0.5 — 0.6 V (some high-voltage PV cell may be 0.5 — 0.7 V [128]),
which causes the voltage of the DC grid (or the DC bus) to vary. This effect is
particularly evident in small-capacity microgrids.

It can be concluded that converters designed for battery-based ESS may
face significant voltage ratio fluctuations. Besides, since battery charging and
discharging are prolonged processes (not completed instantly or in a short time),
the overall efficiency of the converter across a range of loads (from light to heavy)
is also a critical performance index. Therefore, without the support of additional
controllable circuits, e.g., DC links mentioned previously, the conventional TP-
DAB converter is highly sensitive to voltage fluctuations. This sensitivity po-
tentially reduces its overall efficiency, making it challenging for the TP-DAB
converter to be suitable for battery-based ESS applications.
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2.4 MMC and Cascaded Converters

MMC is a kind of power converter using cascaded converters, firstly re-
ported in 1995 and published in 1997 on IEEE [129][130]. The MMC has since
become a significant innovation in power electronics [131][132], particularly in
HVDC transmission systems and medium-voltage drives due to its modularity,
scalability, and high efficiency.

Figure 2-7 shows a kind of typical MMC (DC-AC). In general, MMC em-
ploys plural half bridge converters (choppers) or full bridge converters as “unit
converters”. These cells are cascaded into a “cluster” like shown in Figure 2-7,
where all of them can be controlled independently [133]. The cluster allows
MMC to generate a multilevel voltage. In addition, the MMC can obtain a
higher equivalent operational frequency by applying phase-shifted PWM to each
cell of the cluster, subsequently obtaining better control performance and re-
ducing the harmonics. Figure 2-8 (a) and (b) show the output voltage waveforms
of a conventional two-level inverter and an MMC, respectively. It can be seen
that, obviously, the MMC outputs a voltage waveform that has lower high-
frequency harmonic components and is closer to a pure sinusoidal. MMC tech-
nology has been widely applied to various applications to improve system per-
formance. For instance, STATCOM is a classic example of an MMC
[134][135][136]. It is commonly used to connect to the power grid to improve
power quality by providing reactive power compensation and harmonic mitiga-
tion.

As mentioned previously, MMCs possess the capability for multi-level out-
put and high-frequency operation. This capability is achieved by connecting
multiple unit converters in series. Consequently, some applications use these
“clusters” separately in the circuit rather than constructing a complete MMC
[125][137][138][139]. These clusters are also called cascaded converters. By inte-
grating cascaded converters as auxiliary converters, circuit performance aspects
of the main converter can be improved. Besides, since these cascaded converters
are active components, this approach offers greater flexibility and controllability
compared to those passive methods like resonance. For instance, literature [137]
proposes a three-phase DC-AC converter using cascaded choppers for PV grid

connection. This converter provides benefits such as low harmonics, reduced
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RMS and peak currents, and partial ZCS. Similarly, literature [138] introduces
a DC-DC converter for onboard battery applications that significantly reduces
current ripple using cascaded choppers. Following the research work of [138],
literature [125] replaces the cascaded choppers with a single full-bridge converter,
further reducing cost and losses. Additionally, literature [139] discusses the pos-
sibility of applying different voltage levels to cascaded choppers, which decreases

power losses but reduces the output voltage range.

2.5 Conclusion

2.5.1 Cascaded-Converters DC-DC Converters

The previous sections have outlined the development history and operating
principles of the TP-DAB converter, as well as its issues. Meanwhile, the con-
ventional TP-DAB converter is difficult to meet those requirements of ESS (e.g.,
the TP-DAB converter presents high RMS and peak currents under light load
condition, while it presents low conversion efficiency when battery voltage or
grid voltage changes). To address these issues, the resonant TP-DAB converter,
which utilizes passive components, was proposed. Compared to conventional
TP-DAB converters, resonant TP-DAB converters feature lower harmonic dis-
tortion, leading to reduced RMS and peak currents. However, resonant TP-DAB
converters still rely on phase-shift control, which means a definite reactive power
on the primary and secondary sides, consequently causing reactive power losses
on at least one side of the converter. Additionally, resonant TP-DAB converters
are highly sensitive to circuit parameters such as switching frequency and qual-
ity factor, making converter design more complex.

To overcome the aforementioned challenges, this dissertation proposes a
novel DC-DC converter suitable for ESS in DC grids, utilizing cascaded con-
verters. Figure 2-9 illustrates the circuit scheme of this new converter, which
combines the TP-DAB converter with cascaded converters. This novel converter
aims to leverage the high-frequency and multilevel output characteristics of cas-
caded converters to improve the circuit performance, especially in terms of the
power factor and conversion efficiency under light-load conditions. This circuit

has the advantage of being  fully controllable without requiring phase shift to
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control output power. Additionally, this converter presents lower RMS and peak
currents compared with the TP-DAB converter, particularly when the voltage
conversion ratio is non-one. This novel converter is envisioned for several-kilo-

volts-hundreds-kilowatts ESS applications.

2.5.2 Classification of Cascaded-Converters DC-DC Converters

Cascaded converters

I

‘/dcl ‘/dc2

Figure 2-9 Novel DC-DC converter combined with DAB converter and cascaded converters.

The cascaded-converters DC-DC converters can be classified with four com-
binations according to the type of cascaded converters and the neutral point
wire in the primary side.

(D. Using cascaded choppers and having neutral point wire;

2. Using cascaded full-bridges and having neutral point wire;

3. Using cascaded choppers and not having neutral point wire;

@.  Using cascaded full-bridges and not having neutral point wire.

Each type of cascaded-converters DC-DC converter has unique characteristics.
For convenience, abbreviations are used in this dissertation to represent the four
combinations as follows:

®. NPW-CC type ;

®. NPW-CF type;

@. NNPW-CC type;

®. NNPW-CF type.

The naming convention is an acronym, for example, the neutral point wire type
cascaded choppers DC-DC converter is abbreviated as NPW-CC DC-DC con-
verter. Terms of M-@ correspond to terms of ®-® in order, respectively.
Among the four combinations, the term of O (or term ®) is referred to the
most basic type and it is also the main research object of this dissertation.

Chapter 3 and Chapter 4 will focus on the NPW-CC DC-DC converter. However,
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the NPW-CC DC-DC converter has one significant issue, which will be discussed
in Chapter 5 and other types of cascaded-converters DC-DC converters will be

also compared in Chapter 5.
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Chapter 3 NPW-CC DC-DC CONVERTER

3.1 Circuit Topology

Main converter 1 Auxiliary converters Primary| Secondary Main converter 2
UaU7 Uav, Vaw : ’
lig @ Q2 Qs Vo : - Qr Qs Qo 4y

Vcul Veuz T2

dc2

Vdcl_'j'

Qi Qs Qo Qo Qu Qu

Figure 3-1 Circuit configuration of the NPW-CC DC-DC converter with a Yn-Y transformer
(using IGBTS).

The circuit configuration of the proposed DC-DC converter using IGBT's as
power devices is shown in Figure 3-1. The converter is isolated by a three-phase
three-limb Yn-Y transformer with a voltage ratio of n. For convenience, the left
part of the converter is hereafter defined as the primary side while the right
part of the converter is defined as the secondary side. A three-limb core is em-
ployed in the transformer, where a zero-sequence current is allowed to flow in
the primary windings of the transformer. However, the zero-sequence current
produces little effect on the flux inside the core because the three-limb core
exhibits infinite magnetic resistance for the zero-sequence current ideally [143].

There are two three-phase full bridges configured in the primary and sec-
ondary sides of the circuit to connect to the DC power source; the main con-
verter 1 (Q,—Q;) and the main converter 2 (Q,—Q,,). In Figure 3-1, the auxiliary
converter comprises multiple cascaded bidirectional choppers, which are series-
connected between each phase of the main converter 1 and the corresponding
windings of the transformer. N is the quantity of the cascaded choppers of the
auxiliary converter in each phase. While the subsequent explanation presumes

N = 3, the operating principles and control methods remain applicable to cases
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involving any cascade quantity. Although some research have attempted to re-
duce the number of cascaded converters [125][142], this dissertation does not
discuss the optimal quantity of cascaded converters. Inductance L indicates the
total inductance for each phase in the primary side, including leakage induct-
ance of the transformer and series-connected inductor.

In this dissertation, the converter shown in Figure 3-1, which uses cascaded
bidirectional choppers, will be referred to as the CC DC-DC converter. Similarly,
converters using cascaded full-bridge inverters will be referred to as CFB DC-
DC converters. Besides, since this converter has a neutral point, to differentiate
it from converters without a neutral point (which will be discussed later), this
type of converter is referred to as the NPW type converter, while the converter
without a neutral point is referred to as the NNPW type converter. Based on
the above naming convention, different converters can be distinguished. For ex-
ample, the converter shown in Figure 3-1 can be referred to as the NPW-CC
DC-DC converter.

3.2 Operating Principles and Equations

Operations in Main Converters

The switching frequency of the main converters is f,;, and all the power
devices operate with a fixed duty ratio of 0.5. In addition, each power device of
the main converter 1 operates synchronously with the corresponding power de-
vice of the main converter 2. Specifically, the following relationship holds in the
logic signals of the u-phase power devices:

Sa1 = Sq7 = Sas = Sque =1 (0 < t < 0.5T%))

Sa1 = Sqr = Sas = S = 0 (0.5T% <t < T), (3.1)
where T, is the switching period of the main converters, while S, Sq,, So; and
Squo denote the gate logic signals of Q,, Q,, Q, and Q,,, respectively. The power
devices of the main converters in v-phase (Q,, Q;, Qs and Q,;) and w-phase (Q;,
Qs, Qo and Q,,) follow the similar logics, while a phase difference of 120° exists
in each phase. Since u, v, and w phases adopt identical control strategies, only
u-phase circuit is adequate to explain the operating principles (only u-phase will
be discussed in follows).

It is worth noting that the NPW-CC DC-DC converter does not require
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Figure 3-2 Ideal operating waveforms. (a) when ny=1; (b) when ny>1.

phase shift to control current and power, which is clearly reflected in (3.1). As
a result, this converter can achieve zero reactive power on both the primary and

secondary sides simultaneously, unlike the TP-DAB converter.

Operations in Auxiliary Converters

For convenience, the cascaded converters will be referred to as the auxiliary
converters in subsequent discussions. The basic operation of the auxiliary con-
verter is similar to that of a multilevel converter, with a switching frequency of
fa, which is much higher than f,. The auxiliary converter employs PS-PWM,
where the carrier waves for each cell in u-phase are phase-shifted by 360/N
degrees relative to each other. This results in a higher effective frequency (=Nf,,),
leading to improved current control performance. It should be noted that this
Chapter does not discuss the effects of switching-frequency ripple, and ideal

waveforms presented will not include switching-frequency ripple.

Basic Operations, Fquivalent Circuits and Equations

Firstly, the two main converters (i.e., main converter 1 and main converter

2) use the same gate signals, producing the same square wave with a 50% duty
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Figure 3-3 Simplified circuit of NPW-CC DC-DC converter seen from primary side.

cycle, where v, and v,;,,.can be expressed as

UMul = VdclsQl
vz = VieSqr = VaeSar - (3.2)

Besides, since the transformer is Y-connected (star connection), the voltage

of the transformer secondary winding can be derived as:

2 1 1
Uiz = Vaez [g Saqr — §SQ8 - gSQg] . (3.3)
Subsequently, the voltage the transformer primary winding can also be obtained
as:
2 1 1
Vtul = NVtm2 = N Vie2 [g Sq7 — gSQS - gSQg] . (3.4)
For convenience, a coefficient is used to denote the voltage conversion ratio as:
Vdc2
v = ) 3.5
Vdcl ( )
Hence, (3.4) can be rewritten by
2 1 1
Vi1 = Ny Vi gsm - gSQS — gSQQ]- (3.6)

Figure 3-2 (a) and (b) show the ideal waveforms for the NPW-CC DC-DC
converter when ny=1 and when ny>1, respectively. It should be noted that,
when the duty cycles of the main converters are fixed at 0.5, the voltage wave-
form of the transformer winding is a standard six-step square wave just like
displayed in Figure 3-2. The aforementioned equations effectively transform the
secondary side into an equivalent voltage source on the primary side. By doing
this, the equivalent circuit of u-phase can be drawn, as shown in Figure 3-3.

The KVL equation of the Figure 3-3 circuit can be given by

VMul = Vsul + Van + Uy, (3.7)
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or
Vau = UMul — Utul — v]_u . (38)
U, in (3.8) is divided into two parts as

Vau = (Uu) -l-(vau) ; (3.9)

Y

where

(Uau) = UMul — Utul
T

(vau )y = -, ) (3.10)

Obviously, since duty cycles for the main converters are fixed, (v,,), is also a

fixed waveform only determined by V,, and ny, which can be expressed by
3—2
(Uau )T = UMul — Va1 = Vaa TMSCW - n—;SQg - %SQQ . (311)

On the other hand, (v,,), represents the current control effect in the auxiliary
converter (i.e., the inductor voltage), which can be expressed by
diul

dt

The proposed converter can theoretically generate any desired inductor cur-

(fum,)y = v, =—1L (3.12)

rent waveform via controlling the auxiliary converter. In this dissertation, to
avoid reactive and harmonic currents, the current is set to be a sinusoidal wave
that is in phase with vy, and v, (also in phase with v, and v,,). However, it
should be noted that this current may contain a DC component, which is equal
to zero only when ny=1 (i.e., whenV,,=nV,,). The u-phase currents are given
by

w1 = Lo SiNwat + Lo

o = Ny SN Wyt : (3.13)
Meanwhile, the non-zero zero-sequence current does not influence the trans-
former operation, since the three-limb transformer has high magnetic resistance

to the zero-sequence currents [143].

3.3 DC Zero-Sequence Current and Power Equations

As previously mentioned, the phase current may contain a zero-sequence
component. This section will explain the origin of the zero-sequence component
and the power transmission equation of the converter.

Figure 3-4 shows the simplified circuit of auxiliary converters, where its

voltage and current are presented. Thus, the active power of auxiliary converter
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Figure 3-4 Auxiliar converter constructed by cascaded converters.
can be given by

1 Ta |
Pafau - T_ﬂﬁ Zulvaudt . (314)

v,, has been given by Eqs. (3.9)-(3.12), and it contains a non-zero fundamental
component (f,;) when ny#1. Besides, zero-sequence current is generally defined
as the average of the three-phase currents. Typically, there are two scenarios in
which zero-sequence current may exist in a circuit:

=  When there is a three-phase imbalance;

=  When there is a common component among the three phases that cannot

be canceled out.

Since this dissertation does not discuss the issue of three-phase imbalance, the
zero-sequence current must arise from a common component shared among the
three phases. According to Fourier series, a periodic waveform contains harmon-
ics that are integer multiples of the fundamental frequency. Among these com-
ponents, the 0™ (i.e., DC component) and 3" (i.e., 3", 6™, 9" etc.) harmonics
are common components. In fact, 3" harmonics current injection is a widely
used technique for reducing peak current in three-phase system [144|[145]. How-
ever, generating 3™ harmonic current requires higher-frequency operation, which
increases the burden on the power switching devices. Therefore, DC zero-se-
quence current is a better selection for the NPW-CC DC-DC converter.

Assume that i, consists of a sinusoidal component and an DC component
expressed as (3.13). Then, since the auxiliary converter is composed entirely of
passive components (no power source contained), non-zero active power implies
a charging or discharging process (increasing or decreasing DC capacitor volt-
age). Therefore, to maintain a stable DC capacitor voltage in the auxiliary con-
verter, it is necessary to ensure that the active power in the auxiliary converter

equals to zero. That means
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1 Ta ) Ta .
= T—bl{fo Unurbudt — j; Utuzlu2dt}

1 T ) Ta .
= T—bl{fo Vvui b dt — j; /UMuZZuZdt} =0 (3.15)

Substituting (3.1), (3.2), and (3.13) into (3.15), the solution of DC current I,
can be yielded as

-[d(: — -[a(: z(n’}/ - 1) (316)
m

This equation explains that there is no DC current included in ¢, when
ny =1. On the contrary, a DC current is superimposed on i, when nvy =1
and it becomes larger as ny deviates from one. The zero-sequence current (or
the neutral current) 4, can be given by 4, = @ + w1 + &wi. The ac components
included in 14, %, and i, are canceled each other out and only the DC compo-
nent is contained in i,. From the symmetry of the circuit operation, 7, and i,
produce the same DC current as i, expressed by (3.16). Hence, the ideal neutral

current 7, can be given by
’L.n = ]n = SIdc = Iac g(n’}/ - l) (317)
m
At this point, the complete current equation for the converter has been
derived as follows

Z'ul - Iac
s

e = Nlae sin wgt (3.18)
Meanwhile, the total theoretical transmitted power of the NPW-CC DC-DC

sin wat + 2(nfy - 1)]

converter with fixed duty cycle ratios in main converters can be calculated as

371/’)’Vdc1

1 Ta |
-Po - 3 X T_ﬂﬁ ZulvMuldt - Iac (319)

s
3.4 Control System

This section explains how the NPW-CC DC-DC converter controls the power

flow through the auxiliary converter. For ease of explanation, the quantity of
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Figure 3-5 Block diagram for power-flow control in u-phase auxiliary converter.

cascaded choppers is set to three (N=3). Figure 3-5 shows the block diagram of
the control system for the auxiliary converter in u-phase. As displayed in Figure
3-5, the control system of the NPW-CC DC-DC converter can be divided into
three main parts:

= Current control,

= Qverall voltage control,

= Individual balancing control.

In the power flow control including inductor current control and DC-capac-
itor voltage control, the main converters 1 and 2 operate with a fixed duty ratio
of 0.5 and no control is applied to them. Hence, the power-flow control is
achieved by the auxiliary converters. On the other hand, the inductor current
control and the DC-capacitor voltage control of each phase are independent so

that only the u-phase auxiliary converter control is discussed in the following.

Current Control

The inductor current 4, contains the DC and AC components as shown in
(3.18). In Figure 3-5, the reference for the desired u-phase inductor current (i, )
is also divided into the AC component and the DC component, which is ex-
pressed by

i = fae + Gde 5 (3.20)
where i, and 4, represent the AC and DC components of i, , respectively.
In (3.20), 4, is set to generate a sinusoidal inductor current that is in phase
with the fundamental component of v and vy as shown in Figure 2-2.
However, the amplitude drop and phase delay occur between the control signal
and the actual inductor current when the conventional P control is applied.

Considering a simplified control system without any compensation as shown in
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Figure 3-6 Simplified current feedback control system. (a) without feedforward compensation;

(b) with feedforward compensation.

Figure 3-6 (a). The Laplace Transformation of this control system can be ex-
pressed as

i (5) = Kp—stiil‘ (s) = %z’; (s). (3.21)

It can be known from the above equation, i, cannot be controlled to equal
to the reference current (4, ) with only P controller. To solve this problem, a
feedforward compensation method as shown in Figure 3-6 (b) is applied to iy
which can be given by

. K, . K
i () = Kp—jigLZ“1 (s)= K, iy

K L .
p];;S T (s)

where K, is the proportional gain of the P controller in the inductor current

: (3.22)

control. If the a current as the waveform given by (3.18) is desired to flowing
in the u-phase circuit, the reference input for the feedback current control (i, )

with compensation should be as

1 +—— |ty = Iac [S]nwslt + ch] +
K, di

(.Ule

Sk

a1 =

d
COS Ws1t + —14c
dt

}. (3.23)

P
It should be noted that 4, is not the final desired inductor current, while it is
just the reference input for the current feedback control system. Finaly, the
inductor current 7, should be equal to 4, . The first term on the right-hand
side in (3.22) denotes the desired inductor current while the second term is used
for the amplitude and phase compensations. Meanwhile, 7. is the DC current

determined by the feedback control of the DC-capacitor voltages, which has
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been explained in the previous section. Since it is basically a constant during
steady-state, its derivative should be zero. However, it is important to note that
during transient-state, the value of i, may change, so the compensation term
of this part is also required for the control.

Furthermore, to improve the current control, w4, is added for the deadtime
voltage compensation, which is given by

o To . :
Van= —sgn(zm)T—ch = —sgn(in)TufoVe | (3.24)

s2

where T; and 7. represent the dead time and the switching period of the
auxiliary converters, respectively. Moreover, sgn(i,,) is the signum function of

iw1 which is equal to +1 when 4, >0 and —1 when %, <0.

Qverall Voltage Control

The DC-capacitor voltage control is divided into overall voltage control and
individual balancing control as shown in Figure 3-5. The primary objective of
the overall voltage control is to regulate the arithmetic average value of the DC-
capacitor voltages in each chopper while simultaneously maintaining it at the
desired value V.. As analyzed in Section 3.3, the DC current is used to keep
the overall DC-capacitor voltages in each auxiliary converter (or can say each
cluster). Thus, this aim can be achieved by adjusting the DC component of the
inductor current. Firstly, the arithmetic average value of the DC-capacitor volt-
ages in each auxiliary converter is calculated. Subsequently, the reference value
of the DC component (i.e., i ) is produced by the feedback control.

The overall voltage control produces a DC current which should be ideally

K
lc

equal to I, if transformer and inductor losses are negligible. Therefore,
will be slightly larger than ‘Idc‘ due to the practical power loss. As mentioned

above, the zero-sequence current does not cause magnetic saturation to the
three-limb core as the zero-sequence flux circulates through the air gap outside

the core.

Individual Balancing Voltage Control

The aim of the individual balancing control is to balance the DC-capacitor
voltage of each chopper to the arithmetic average value regulated by the overall
voltage control. The input of the PI controller is the difference between the

arithmetic average value of the DC-capacitor voltages and the real-time detected
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value of each DC-capacitor voltage. On the other hand, the polarity of the out-
put of the PI controller is changed according to the signum function of 4, . The
joint control containing the overall voltage control and the individual balancing
control ensures that each DC-capacitor voltage is maintained at V. .

Finally, the sum of the output used for the current and voltage controls is
normalized by the corresponding DC-capacitor voltage and the duty ratio of
each chopper (i.e., d, d,, and d;) is produced as shown in Figure 3-5.

It should be noted that the DC voltage for each cascaded chopper (V.') is
set to the same value in this paper to simplify the control system. However, the
proposed converter can also operate with unequal DC voltages in the auxiliary
converter. Although it may be possible to reduce the power losses in the cas-
caded choppers using different DC voltages, the voltage balancing control and
overall voltage control may be more complicated [139]. Hence, the same V. is

considered in this dissertation.

3.5 Initial Charge for Auxiliary Converters

The DC-capacitors of the auxiliary converters should be pre-charged before
entering the operation, which is called as initial charge. The initial charge is
achieved using the primary DC voltage source Vg . Figure 3-7 shows the basic
principles of the initial charge. The initial charge is achieved by adjusting the
duty ratio of Q,, Q,, and Q,, while other power devices of the main converters
(QrQ,,) are always off during the initial charge (i.e., the low-side of main con-
verter 1 and the secondary side is open). The cascaded choppers of the auxiliary
converters are divided into three groups A, B, and C (since N=3) and the initial
charge is carried out in order of A — B — C'. The choppers in the same group
are charged simultaneously. For example, Figure 3-7(a) shows the case when the
DC-capacitors in group A are charged. The choppers in that group operate in
a charge mode, i.e., the high-side devices of those choppers are always on and
the corresponding low-side devices are always off as shown in Figure 3-7(b).
Meanwhile, the choppers in other groups (B and () operate in a short mode,
which means that the low-side devices are always on while the high-side devices
are always off as shown in Figure 3-7(c). The charging currents of phases u, v,
and w converge at the neutral point of the transformer and return to the DC

input source V,., through the neutral power wire. Similar to zero-sequence
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Figure 3-8 Control block diagram for initial charge. (z = 1, 2, 3).

current, additionally, this charging current does not cause core saturation in the
transformer, as mentioned previously.

Furthermore, Figure 3-8 shows the control block diagram for the initial
charge, where the feedback control is utilized. For instance, as Figure 3-7(a),
when the DC-capacitors of the group A are charged, the arithmetic average
value of the DC-capacitor voltages (Ve + Vevi + Vew1) / 3 is calculated. Then,
the duty ratio dy; which is common to Q,, Q,, and Q, is determined by the PI
controller. Moreover, in Figure 3-8, v.(t) is the reference value of DC-capacitor

voltages, which is considered a ramp function in this dissertation as

, 17
c t) = =% t, 325
ve(t) T (3.25)

C

where V. is the final targeted DC-capacitor voltage and also the reference
value for normal operations, while 7. is the expected charge time for each
group. This ramp function is used to limit the charge speed and to avoid

overshoot voltages in DC-capacitors. After the completion of the initial charge
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for the auxiliary converters, the NPW-CC DC-DC converter enters the normal
operations and the control method is switched to the power flow control

discussed in Section 3.4.

3.6 Analysis and Comparison with TP-DAB Converter

As previously mentioned, the main purpose of the proposed NPW-CC DC-
DC converter is to achieve lower RMS and peak currents compared with the
TP-DAB converter. This section shows a comprehensive comparison in terms of

RMS and peak currents.

RMS and Peak Currents of NPW-CC DC-DC Converter
The inductor current of the NPW-CC DC-DC converter is a composite

waveform of both AC and DC components, and its detailed equation has already
been derived as shown in (3.18). Furthermore, the equation of transmitted
power of the NPW-CC DC-DC converter is also shown as (3.19). Hence, first

of all, the relation between P, and I, can be obtained as

IL.=—>™="__p=-_T"_p,. (3.26)
3”’)/‘/(1(11 3‘/(1(:2
Subsequently, the inductor current can be written as a function of power and
ny as
i (P n7) = —Z— P, |sin(wt) + 2 (ny _1)}. (3.27)
3nyVaa s

Finally, the theoretical inductor RMS and peak currents can be calculated as:

dm(ny —1)* + 12

I PR \/ 2

) Irms (PO, n7> B \/Ts’l 'j:) (ZUI) dt - Sn’YVdcl PO
il s

RMS and Peak Currents of TP-DAB Converter

The inductor current of the TP-DAB converter is a pure AC current. The
detailed inductor current equations are given in Appendix I. Based on the con-

tents in Appendix I, the RMS and peak currents of the TP-DAB converter can

Iins (PU, nw) = ,/%foﬂ (i )?dt

Ly (Poy n7y) = max {a, i, is, s, G5, s} - (3.29)

be obtained as
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Figure 3-9 Comparison of RMS and peak currents under different output power. (a) when

ny = 0.5; (b) when ny=1; (c) when ny=1.2.

Comparison in Terms of RMS and Peak Currents

This dissertation compares the inductor RMS and peak currents of the
NPW-CC DC-DC converter and the TP-DAB converter under three conditions:
ny <1, ny=1,and ny>1. Since continuous plots are difficult to obtain, this
dissertation only demonstrates three typical cases of ny = 0.5, 1, and 1.2.

To ensure a fair comparison, the circuit parameters for both converters are
set as follows:

= Both converters use the same switching frequency of 450 Hz (f,) for the

three-phase bridges.

* Both converters use the same series inductance of 0.5 mH (L), and the

same input DC voltage of 1.5 kV (V).
Figure 3-9 shows the comparisons in terms of RMS and peak currents under
different output power. It can be observed that when nvy >1, the NPW-CC
DC-DC converter exhibits lower RMS and peak currents. This is because the
NPW-CC DC-DC converter does not use phase shifting to control the current,
giving it the advantages of zero reactive current and zero harmonic current. On
the other hand, when nvy <1, the NPW-CC DC-DC converter presents lower
RMS and peak currents under light load conditions, while the TP-DAB con-

verter presents lower RMS and peak currents under heavy load conditions. This
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Figure 3-10 Comparison of conversion efficiency under different output power. (a) when

ny = 0.5; (b) when ny=1; (c) when ny=1.2.

is because the TP-DAB converter outputs almost no active power under light
load (i.e., most of the current is reactive component), while the current in the
NPW-CC DC-DC converter has a linear relationship with the load. However,
due to the presence of a certain proportion of zero-sequence current in the NPW-
CC DC-DC converter, it loses its advantage compared to the TP-DAB converter

under heavy loads.

Comparison in Terms of Conversion Efficiency

This section carries out a comparison in terms of conversion efficiency be-
tween the NPW-CC DC-DC converter and the TP-DAB converter. To evaluate
the conversion efficiency, IGBT modules (1MBI1000UG-330, 3.3 kV, 1 kA) from
Fuji Electric and IGBT modules (CM1000DX-24T, 1.2 kV, 1 kA) from
Mitsubishi Electric are used for main converters and auxiliary converters, re-
spectively. Furthermore, following conditions are added additionally:

= No iron losses occur in inductors and transformer.

* Switching frequency of auxiliary converters is set to 3.6 kHz (f,), but
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switching ripples are not considered.

30 mS? resistance is considered in each primary side, as copper losses.

V. is set to 0.5 kV, and N is set to 3.

Under these conditions, Figure 3-10(a)—(c) compare the conversion efficien-

cies when n~vy = 0.5, 1, and 1.2, respectively. From these figures, the prelimi-

nary conclusions can be drawn:

1)

When nvy <1, the NPW-CC converter has higher efficiency at light
loads, while the TP-DAB converter presents higher efficiency at heavy
loads. This is because the TP-DAB converter experiences significant re-
active current at light loads, while the NPW-CC has large zero-sequence
current at heavy loads.

When ny =1, the NPW-CC DC-DC converter does not need any zero-
sequence current, while the TP-DAB converter also experiences very
small reactive currents even at light loads (i.e., when ¢ is small). Never-
theless, the TP-DAB converter has higher efficiency at light loads,
whereas the NPW-CC DC-DC converter has higher efficiency at heavy
loads. This is because the NPW-CC DC-DC converter has more power
components, although it has almost the same current as the TP-DAB
converter at light loads as shown in Figure 3-9(b). With load increasing
(i.e., ¢ increasing), the reactive current of the TP-DAB converter also
rises, causing the NPW-CC DC-DC converter to surpass the TP-DAB
converter in this case.

When nvy >1, despite the NPW-CC DC-DC converter having more
components than the TP-DAB converter, the absence of reactive and
harmonic currents results in lower conduction losses, making the NPW-

CC DC-DC converter superior to the TP-DAB converter.

3.7 Experimental Verification

This section demonstrates the validity of the proposed NPW-CC DC-DC con-

verter using a 150 V, 2.5 kW experimental prototype as shown in Figure 3-11.
In the downscaled setup, IGBT modules (2MBI150U2A-060, 600 V, 150 A) from
Fuji Electric and discrete MOSFETs (FDH44N50, 500 V, 44 A) from Onsemi

were utilized to constitute the main converters and the auxiliary converters,

respectively. The control system is implemented by a DSP using TMS320C6678
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Figure 3-11 Exterior of experimental prototype.

from Texas Instruments and an FPGA using Cyclone IV from Intel. All the
voltage and current waveforms were recorded using Hioki Memory Hicoder
MR6000.

TABLE I shows the circuit parameters set for the experiments. The cascade
quantity (N) is set to 3; the switching frequencies of the main converters and
the choppers are set to 450 Hz (f,) and 7.2 kHz (f,,), respectively. The PS-PWM
is applied to the auxiliary converters so that the equivalent switching frequency
of the auxiliary converter in each phase is 21.6 kHz (=Nf,). The operating
frequency of the three-phase transformer is 450 Hz, while the windings turns
ratio is set to n = 1. Moreover, the leakage inductance of the transformer in
each phase is measured as 0.047 mH (L), and a series inductor of 0.18 mH (L,)

is used in each phase (i.e., total inductance L = 0.23 mH).

Initial Charge

The DC-capacitors of the auxiliary converters need to be pre-charged to the
rated value of V. before the operation and this can be achieved using the input
voltage source, V,,. The charging method has been introduced in Section 3.5.
Specifically, the DC-capacitors are changed from zero to the rated value under
a ramp function given by (3.25). In this experiment, V. was set to 55 V, and

T. was set to 200 ms. Figure 3-12 shows the voltage waveforms during the initial

49



Chapter 3 Experimental Verification

TABLE I
TX AND RX COIL SPECIFICATIONS
Parameter Name Symbol Specification
INPUT DC VOLTAGE Vi 120-150 V
OUTPUT DC VOLTAGE Vies 120-150 V
CASCADE QUANTITY N 3
Switching frequency of main converters fa 450 Hz
Switching frequency of choppers foo 7.2 kHz
Windings turns ratio n 1
Total inductance L 0.23 mH
Input capacitance Cc, 6600 uF
Output capacitance Cc, 6600 uF
Capacitance in each chopper C, 2000 uF
Rated Power P, 2.5 kW
60 o
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Figure 3-12 Experimental DC-capacitor voltage waveforms under initial charge.

charge, where it was implemented in order of A, B, C, which corresponds to
Veuleviewl 5 Ucu2 , and Uens  in Figure 3-12. Each charging process was completed
within 250 ms and the observed voltage overshoot was only 3.8%.

After the completion of the initial charge, the converter moves to the normal
operation as displayed in Figure 3-12. In normal operations, ripple components
are superimposed on the DC-capacitor voltages, which will be discussed in the

following section.

Steady-State Experiments

Figure 3-13 shows the steady-state experimental waveforms when the power

is transferred from the primary side to the secondary side. In the experiment of

50



Experimental Verification Chapter 3

Figure 3-13, Vaa was set to 150 V; Vae was set to 130 V; V.' was set to 55
V; I,. was set to +20 A, which is simultaneously applied to u/v/w phase.

The voltage waveforms of the DC capacitors in the auxiliary converters are
kept at 55 V with a slight voltage ripple. This ripple is a result of the overall
voltage control provided by Figure 3-5, which only ensures the one-period aver-
age value maintained at V. , rather than the instantaneous value. Meanwhile,
the amplitude of the voltage ripple is proportional to the inductor current, which
can also be elucidated by (3.15). In addition, the phase difference of 120° exists
in the AC components of each-phase DC-capacitor voltage (e.g., Va1, Ve, and
Uew1 ), which corresponds to the phase currents

On the other hand, it can be observed that the AC components both in the
primary side currents (i.e., #uwwi) and secondary side currents (i.e., fu2vow2)
are sinusoidal and their amplitudes are 20 A. Meanwhile, the fundamental-fre-
quency AC components of #; is in phase with vmwu and vw as described in
Section 3.2, leading to the mentioned zero-reactive-power operation.

Figure 3-14 shows the steady-state experimental waveforms when the power
is transferred from the secondary side to the primary side. V., was set to 140
Vand I, wassetto —15A . The sinusoidal AC inductor current with an am-
plitude of 15 A is confirmed; however, i, is out of phase with v, and v,,,, which
means that the direction of power transmission is reversed. The DC voltage of
the DC-capacitors in the auxiliary converters are also kept at 55 V.
To further verify the feasibility of the proposed system, the equivalent mode
experiment and the experiment of 7y >1 were also carried out. Figure 3-15
shows the steady-state experimental waveforms in equivalent mode when V,,
was set to 140 V; V,, was set to 140 V; and I.. was set to +20 A. Figure 3-
16 shows the steady-state experimental waveforms of 7y >1 when V,, was set
to 140 V; V,, was set to 150 V; and I.. was set to 15 A. In both experiments
of Figure 3-15 and Figure 3-16, V. was set to a constant value of 55 V. The
sinusoidal currents are observed both in the primary side and the secondary
side. Furthermore, the DC-capacitor voltages are always kept at 55 V, accom-
panied by a voltage ripple. Notably, the phase of the voltage ripple lags the
corresponding current by 90°, while the amplitude of it is proportional to I,. .
In all of the steady-state experiments, the waveforms of vau and vwi basically

match the simulated waveforms shown in Figure 2-4. However, there are
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Figure 3-13 Steady-state experimental waveforms when V,,=150 V, V,,=130 V, L=+20 A.
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high-frequency switching-ripple components superimposed on the experimental
waveform of v while the theoretical v.i does not contain switching-ripple
components. The reason is that the theoretical waveforms are introduced based
on the ideal transformer without the leakage inductance while the actual trans-
former contains the leakage inductance. On the other hand, the switching-ripple
voltages are superimposed on v., in all the steady-state experimental wave-
forms. However, the switching-ripple currents on %, %, and 4.1 are negligible
since the high-frequency voltages (i.e., 21.6 kHz components) are filtered by the
reactor L .

Furthermore, %u, %1, %wi1, and %, also contain DC components. The
steady-state experimental waveforms show that a DC current of —0.28 A is
present in %, of Figure 3-13; a DC current of +5.18 A is present in %, of Figure
3-14; a DC current of +4.95 A is present in %, of Figure 3-15; and a DC current
of +5.05 A is present in %, of Figure 3-16. These differences can be explained
by the fact that the transformer losses are not considered in the theoretical
analysis.

Finally, to test the validity of the proposed converter under border operating
range (i.e., border n~y ), two additional steady-state experiments were carried
out, where ny isset to 1.25 (Vau =120V, Vi = 150 V) in Figure 3-17, and
0.5 (Vaa = 150 V and Va2 = 75 V) in Figure 3-18. According to (3.17), the
converter will produce a large DC current in each phase and neutral point when
n~y is far from one. It can be observed that very similar performance is obtained
just like other steady-state experiments shown in Figure 3-17. In addition, a DC
current of +8.47 A is contained in the neutral point in Figure 3-17, and a DC
current of —9.56 A is contained in the neutral point in Figure 3-18, which

proves that a border n~ certainly makes a larger DC current.

Transtent-State Experiments

Figure 3-19 shows the transient-state experimental waveforms with the
conditions when V,, = 150 V and Vie = 130 V. The DC-capacitor voltage,
V. , was set to 55 V and .. was changed from +15 A to -15 A at 0.03 s using
a ramp function. After that, the gradual amplitude changes of 2,2, %2, and %2
were observed from 0.02 s to 0.17 s, which means that the entire transient state
was completed within 150 ms. In this transient-state experiment, the current

direction was changed around 0.1 s. Therefore, the polarities of input and output
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Figure 3-19 Transient-state experimental waveforms when I, is changed from +15 A to -15 A

at 0.03 s.

currents (i.e., i, and 7,,) were also changed at the same time.

With the effect of the control strategy introduced in Section 3.4, the ampli-
tude of inductor current in each phase are regulated from +15 A to -15 A with
good accuracy. On the other hand, the DC-capacitor voltages, e.g., Vo, Uz,
U3, Ui, and Uewi . recorded in Figure 3-19 are always kept at 55 V throughout
the entire transient state, which further proves the validity of the Figure 3-5
control method. In addition, no overshoot voltage or overshoot current are ob-

served in Figure 3-19.

Conversion Efficiency

The conversion efficiency has been also calculated using the measured input
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power and output power in the experiments. Figure 3-20(a), (b), and (c) illus-
trate the experimentally measured efficiencies with their corresponding 3™ order
fitting curves for ny<1l, ny=1, and ny>1, respectively. To ensure the
consistency of the experimental results, the output power was constrained to a
fixed range by setting V,, to a constant value ( = 130 V). while the dc input
voltage (i.e., V) was changed to accommodate different n~ . As specified in
TABLE I, the rated output power was set at 2.5 kW which corresponds an 1.,
value of 420 A.

Figure 3-20 demonstrates that the conversion efficiency decreases if the n-~y
goes higher. The reason can be considered as follows: The converter produced
almost a zero DC current in Figure 3-13 (when Viq =150 V| Vi =130 V|
I.. = +20 A); it means the power loss in the transformer canceled the negative
DC current of (3.16). On the other hand, the DC current could not been can-
celed when 7y =1 and was even increased when 7y >1, like shown as Figure

3-15 and Figure 3-17. Consequently, the Figure 3-20(a) case has the lowest RMS
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current and conduction power losses, while the Figure 3-20(c) case has the high-
est RMS current and conduction power losses.
The experimentally measured efficiency is not so satisfactory because of the
following several reasons:
» The quantity of cascaded choppers (N) has not been optimized.
= The switching frequency of the auxiliary converters has also not been
optimized.
= The voltage and current are much lower than the real application. As a
result, the power modules and the transformer cannot work in the best

state.

3.8 Conclusion

This Chapter has introduced a novel DC-DC converter suitable for local
LVDC grids, called NPW-CC DC-DC converter. This isolated three-phase DC-
DC converter features inherent zero-reactive-power operation using auxiliary
cascaded choppers. The converter is isolated by a Yn-Y three-phase transformer
and the electric power can be transferred bidirectionally. With the help of
inherent zero-reactive-power operation, the proposed converter effectively
reduces the RMS and peak currents compared with the TP-DAB converter in a
wide range of voltage conversion ratio. Accordingly, the conduction losses and
wire copper losses can be deceased. The improved overall conversion efficiency
is also confirmed via the evaluated model.

A 150 V, 2.5 kW downscaled prototype has been constructed, and both
steady-state and transient-state experiments have been conducted to verify the
feasibility of the NPW-CC DC-DC converter.
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Chapter 4 NPW-CC DC-DC CONVERTER

WITH VARIABLE DUTY RATIOS

In the previous Chapter, a kind of cascaded converters DC-DC converter,
NPW-CC DC-DC converter, has been introduced. The NPW-CC DC-DC
converter presents the advantage of lower RMS and peak currents over the TP-
DAB converter. However, there is still one issue left: large DC zero-sequence
current flows in the primary side and potentially increase the RMS and peak
currents, when n~ is far from one. This section discusses the origin of the DC
zero-sequence current and proposes a method to reduce the DC zero-sequence

current.

4.1 Issue of DC Zero-sequence Currents

In the previous section 3.2, the basic operating principles of NPW-CC DC-
DC converter have been introduced. Meanwhile, the DC zero-sequence current
has been firstly mentioned in section 3.3. When the inductor current 7, is set
as a sinusoidal waveform, the DC current flowing in each phase has been given
by (3.16), while the DC zero-sequence current of has been calculated as (3.17).
Although this DC zero-sequence current does not affect the operation of the
transformer, it may increase the RMS and peak values of each-phase inductor
current. As a result, the NPW-CC DC-DC converter has higher RMS and peak
currents than the TP-DAB converter under heavy-load condition in Figure 3-
9(a). Similarly, the NPW-CC DC-DC converter presents a lower conversion ef-
ficiency than the TP-DAB converter in Figure 3-10(a) because of the same rea-

son.
4.2 Origin of DC Currents
In section 3.3, the DC current in each phase is calculated by setting the

59



Chapter 4 Origin of DC Currents

power of the auxiliary converters to be equal to zero. This section will take a
different perspective to attempt to explain the essential cause of the DC current.
It can be explained using the power equation. If no power losses are considered,

the following power equation must hold:

Ta 1

Ta Ty
E . Unurbudt = T_Slj; Venbudt = Tiﬂj:) UMu2bn2d T - (4.1)

The left, center, and right terms of (4.1) represent the active power of the u-
phase main converter 1, u-phase transformer, and the u-phase main converter
2, respectively. It should be noted that the currents % and 7.2 are still set to
be sinusoidal waveforms as (3.13). At the same time, since vmu and Uuwe are
synchronized with a fixed duty of 0.5, they can be given by using (3.1) and
(3.2) as

(4.2)

UMul = — UMu2 =

Y
Substituting (3.13) and (4.2) into (4.1), the following equation can be obtained:

Vi 0<t<0.574
0 0.5Ty <t<Ty

Ta T T
1 2 Iac 2 : Ill n—[ac 2 : Ill
— (c-[(c — de - I — dc . .
ﬂ1 ’0 Vaa 1dt—|—ﬂl ’0 Vilsln[Qﬁt]dt T ’0 V;zsm[%t]dt (4.3)

In (4.3), the first term on the left is the power generated from DC components;

the second term on the left is the power generated from AC components. The
DC current flowing in u-phase inductor can be derived by solving the above
equation (the result is given by (3.16)). Move the second term on the left side
to the right side, the equation is re-written as

L[t =0 [y (L g Y
ﬂl . deld dc - 1";1 0 del 2w . .

(4.4) implies that the essential cause of requiring a DC current is the difference
on power generated from AC fundamental components. Thus, in fact, it is ade-
quate to only focus on the DC components and AC fundamental components of
UMul , U1, and Oaiw2. When duty is fixed at 0.5, the Fourier expansion formulas

of UMul , Utul, and Uwy2 are giVen by

UMul = lVdcl + %sin(cot) + (4.5)
2 T
Viul = NV = Msin(wt) + ey (4.6)
T
Uz = %’YVdcl + 2—Vddsin(wt) + ... (4.7)
T

Other harmonic components can be ignored here because they do not produce

any active power. It can be seen that vvu has a different AC fundamental
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Figure 4-1 Key waveforms using variable duty ratios.

component from vw (as well as the AC fundamental component of NV )

when 1y =1, which causes the DC current.

4.3 DC Currents Reduction Using Variable Duty Ratios

According to the analysis in previous section, it is known that the dc current
origins from the imbalance of the AC fundamental components between v
and % (or nuwe ). Hence, it implies that this issue can be solved by applying
variable duty ratios to the main converters. Assuming the duty ratio of the main
converter 1 equal to di and the duty ratio of the main converter 2 equal to d;,
but their gate signals (e.g., Sq and Sq;) should be still in phase with each
other, as shown in Figure 4-1. In this context, the Fourier series of vmw, Vi,

and w2 can be given by

UMul = dﬂ/dd + @[1 - COS(QdﬂT)] Sin(wt) + .y (48)
7r
Viul = N2 = LVdd[l — cos(2dym)]sin(wt) + ... -, (4.9)
T
oar = deyVaar + PV cos(2dym)]sin(wt) + ... (4.10)
T

It is simple to eliminate the DC currents by making the AC fundamental com-
ponent in (4.8) be equal to that in (4.9). It can be expressed as the following
equation:

ny cos(2dom) — cos(2dim) = ny — 1. (4.11)
The duty ratio regulation strategy is based on (4.11). The strategy can be
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TABLE II
DUTY RATIOS REGULATION FOR MAIN CONVERTERS
ny d d,
ny =1 0.5 0.5
arcsin(ny)
ny <1 1-— 0.5
v
arcsin|—
ny > 1 0.5 [’I”L ]
T
A d1>05 A di1=05
Sqt 1 [ Sq1 |
=05 | <05
Sa7 ] Sor
Sqs | N Sqs N I
Saf 1 — Soq A —
Va2 —_——
Utul —_—  —
UMul : ,_ fUMui I
e | {1 I
( 'Uau) T ( Uau) T j—q“'
. R B S Zero lc_\_r‘gl
Tl Tl ~ -
< T >
(b)

Figure 4-2 Ideal waveforms using variable duty ratios when (a) ny <1, (b) ny >1.

described as follows [146]: when 17y =1, the duty ratios of both main converters
are fixed at 0.5; when ny <1, d, is fixed at 0.5, and d, is increased to reduce
the fundamental AC component of vy ; when ny>1, d, is fixed at 0.5, and
d, is decreased to reduce the fundamental AC component of v. It is noted
that, d, should be kept at 0.5 when 7y <1 and d, should be kept at 0.5 when
n7y >1 to ensure that the NPW-CC DC-DC converter can always output max-
imum power without zero-sequence current. Combining this strategy with the
relationship given by (4.11), the duty ratios for the main converters can be
calculated as listed in TABLE II.

Since the duty cycle is altered, the theoretical waveforms of the circuit also
change, primarily reflected on (y,,), . The new (y,,), can be calculated using

the following equation:
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Figure 4-3 Comparisons in terms of RMS and peak current when (a) ny = 0.75,(b) ny = 0.5 .

2
(’U?m )T = Via SQ1 — %S(y + %SQS + %SQQ . (412)

Figure 4-2 shows the ideal waveforms with a variable duty ratio and those with
a fixed ratio, where the solid lines and dashed lines represent the variable and

fixed duty cycles, respectively. It can be seen that, (4, ) with variable duty

ratios becomes more complicated and higher compared with that with fixed
duty ratios. That means applying variable duty ratios may increase the mini-
mum voltage of the DC-capacitors in the auxiliary converters, then further in-
crease the power losses. Nevertheless, the DC currents can be ideally eliminated.

When the duty is changed, the output equation can be given by

3717—1/(151]&07 ny <1
7'('
P, = %LLC, ny>1. (4.13)
™y

It can be known from the above power equation that when ny <1, the
output power is same as that with fixed duty ratio, however, when n7y>1, the

output power is smaller than that with fixed duty ratio. Additionally, when
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Figure 4-5 Evaluated conversion efficiency when (a) ny = 0.75, (b) ny =0.5.

ny >1.15, zero-voltage levels occurs in (y, ). [146], this phenomenon poten-

tially cause overmodulation in auxiliary converters and makes this method not
applicable to step-up applications. Thus, this Section only discusses the case of

ny <1.
4.4 Reduction Effect and Efficiency Evaluation

This section focuses on the comparisons between the method using fixed
duty ratio and the method using variable duty ratio when ny<1. The
comparisons include peak and RMS currents, and conversion efficiency. Addi-
tionally, the corresponding results of the TP-DAB converter with SPS
modulation are also provided for reference. The same converter models in
Section 3.6 are used for performance evaluations.

Figure 4-3 shows the comparison in terms of RMS and peak currents of u-
phase inductor current (i.e., %) under different power. Figure 4-3(a) displays

the case of ny =0.75 while Figure 4-3(b) displays the case of 7y =0.5. It can
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be observed that the reduction in current, particularly the peak current, is very
significant. When using a fixed duty ratio, the peak current of the NPW-CC
DC-DC converter exceeds that of the TP-DAB converter under heavy load,
which would undoubtedly increase the size of the inductor and transformer.
However, with a variable duty ratio, the DC current is entirely eliminated, re-
sulting in that the peak current of the NPW-CC DC-DC converter being almost
consistently lower than that of the TP-DAB converter.

The reduction rates of RMS and peak currents can be expressed by

@pcak — Ipeakiold - Ipeakinew — 1 o e
Ipeak_old T+2— 2”’7
@rms — Irmsiold —_ Irmsinew — 1 . s . (414>
Irms_old \/71'2 + 47’1;2’}/2 — 87/1/7 + 4

where O e and O, indicate the reduction rates of the peak and RMS cur-
rents, respectively. In (4.14), Ik oa and Ipex new represent the peak and
RMS currents using the fixed-duty method, while I oq and Iims new denote
the peak and RMS currents using variable duty ratio. They are given by

Ipeakiold - |Iac| (1 + 2 - 2 n’-}/)a
s s

I \/l-i- 2 (n?>y?—2ny+1),

9 2

I rms_old —

Ipeakinew - |]ac| )

1

1 rms_new — ~—
V2

The detailed derivation of RMS and peak currents is given in Appendix II. It

L. (4.15)

can be calculated that O, is consistently lower than O .. for ny<1 as
shown in Figure 4-4, and this is the reason why the variable duty ratio is more
effective at reducing the peak current than the RMS current.

Figure 4-5(a) and Figure 4-5(b) show the evaluated conversion efficiencies
when nmy=0.75 and 7y =0.5, respectively. It is difficult to determine which
one, i.e., variable duty ratio and fixed duty ratio, is superior, since they both
exhibit very comparable conversion efficiency. Under light-load conditions, the
fixed-duty method presents slightly better efficiency because switching losses
are dominant, and the variable-duty method has higher switching losses due to
higher V.. When load becomes heavier, the variable-duty method gradually has

better efficiency because conduction losses become dominant, and the fixed-
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Figure 4-6 Block diagram of control system for variable-duty method.

duty method has higher conduction losses due to higher RMS current. Never-
theless, the efficiency difference between the two methods is just very small.
However, the variable-duty method is useful to reduce the peak and RMS cur-
rents, particularly when ny is far from one as shown in Figure 4-4. Although
the strategy of varying the duty ratio does not result in higher conversion effi-
ciency, as the auxiliary converter requires a higher voltage ( V), it can still sig-
nificantly reduce the peak current. This means that this method can effectively
lower the saturation risk of ferromagnetic components in the circuit, potentially

reducing the volume and cost of the converter.

4.5 Control Systems

Figure 4-6 shows the block diagram of the control system for the NPW-CC
DC-DC converter when the variable duty ratio is applied. Similar to the control
system when the fixed duty ratio is applied, most of control strategies are the
same, such as the inductor current control and the individual balancing control
in Figure 3-5, Section 3.4. Therefore, this section only explains two obvious
differences between the old and new methods.

Firstly, the overall voltage control is necessary in the old method to calculate
the DC zero-sequence current, while it is not required in the variable-duty
method because the auxiliary converters do not generate any active power
ideally.

Secondly, in the old method, a constant duty ratio of 0.5 is applied for the
main converters 1 and 2. However, in the variable-duty method, the duty ratios
of the main converters (i.e., d, and d,) are dynamically calculated by the duty

ratio determinator as introduced in TABLE II. Then, the reference voltage of
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(Vau). s subsequently determined by (4.12) using the real-time values of d;, d,,
Vdcl? a’nd Y-
In addition, the initial charge control for this system is entirely same as that

in Section 3.5, which is not discussed in this Chapter.

4.6 Experimental Verifications

This Chapter uses the same prototype as demonstrated in Section 3.7 for
experimental verification. Nevertheless, some parameters are different from the
experiments in Chapter 3.

= f,is set to be 3.6 kHz (7.2 kHz in Chapter 3).

= V. isset to be 70 V for variable duty ratio and 55 V for fixed duty ratio.

* gy varies from 0.5 to 1.

Steady-State Experiments

Figure 4-7 and Figure 4-8 and show the experimental waveforms of the
NPW-CC DC-DC converter applying the fixed duty ratio where ny is 0.75 and
0.5, respectively. In these experiments, V., was set at 55 V; the reference value
of I, (i.e., I..) was set at +15 A. It can be observed that all the phase currents
(i-e., Gy, G5 Dy, Gyes B9, and i,) are sinusoidal with an amplitude of 15 A, and

and v,,,) are regu-

cwl

the DC-capacitor voltages of the choppers (i.e., V.3, Ui,
lated at 55 V. In addition, the fundamental AC component of i, is in phase
with that of v,;,;. On the other hand, a DC current of —4.55 A flowing in the
neutral point of the transformer (7,) is confirmed in Figure 4-7, while a DC
current of —10.97 A flowing in the neutral point of the transformer is con-
firmed in Figure 4-8. Since u, v, w phases of the NPW-CC DC-DC converter
are balanced, it can be calculated from the measured data that a DC current of
—1.52 A (~—455/3 A) and a DC current of —3.66 A (~—10.97/3 A)
are superimposed in each primary-side phase current of Figure 4-7 and Figure
4-8, respectively. It should be noted that the experimental DC-current values
are different from the theoretical DC-current values (—2.39 A for Figure 4-7
and —4.77 A for Figure 4-8) given by (3.17). This can happen because some
unavoidable disturbances, such as switching-ripple components, tolerance of

power devices and passive components, and power losses strongly influence the

DC current. Figure 4-9 and Figure 4-10 show the experimental waveforms of
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Figure 4-7 Experimental steady-state waveforms using variable duty ratio when n~ = 0.75

and 7, = +15 A .
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Figure 4-8 Experimental steady-state waveforms using variable duty ratio when n~y = 0.5 and
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Figure 4-9 Experimental steady-state waveforms using fixed duty ratio when n~ = 0.5

and 7, = +15 A .
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Figure 4-10 Experimental steady-state waveforms using fixed duty ratio when n~ = 0.5

and 7, = +15 A .
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Figure 4-11 Theoretical and experimental DC currents in each phase current of CC DC-DC

converter when 7). = +15 A .

NPW-CC DC-DC converter applying the variable duty ratio, with the same ny
and I, in Figure 4-7 and Figure 4-8. In these experiments, V, was set at 70 V.
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It is observed from Figure 4-9 and Figure 4-10 that the duty ratio of vwu1i was
increased from 0.5 as introduced in TABLE II. In addition, the waveforms of
Uan depicted in Figure 4-9 and Figure 4-10 have higher average and peak volt-
ages than those demonstrated in Figure 4-7 and Figure 4-8, which proves that
the variable-duty method requires a higher V., compared with the fixed-duty
method, as mentioned in Section 4.3. Meanwhile, the DC-capacitor voltages of
the choppers are always kept at 70 V in both Figure 4-9 and Figure 4-10, which
validates the effectiveness of the feedback control system shown in Figure 4-6.
Furthermore, the DC current flowing in the neutral point of the transformer (3,)
was significantly reduced compared with those in Figure 4-7 and Figure 4-8. In
Figure 4-9 where nmy=0., a DC current of +0.56 A is superimposed on each
primary-side current, while in Figure 4-10 where 7y=05, a DC current of
+0.50 A is superimposed on each primary-side current. It should be noted that
a non-zero DC current still exists in both Figure 4-9 and Figure 4-10 due to
unavoidable disturbances such as power losses in the transformer.

Figure 4-11 shows the theoretical and experimental DC current of each

phase current. It can be confirmed from Figure 4-11 that the experimental DC
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Figure 4-12 Experimental transient-state waveforms using new method when n~ = 0.85 and

f; varies from +5 A to +15 A .
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current when the fixed duty ratio is applied presents a linear relationship to 7y,
which matches with the theoretical values calculated from (3.16). Furthermore,
the experimental DC current when the variable duty ratio is applied is consist-
ently close to the theoretical value of zero.

Consequently, the experimental waveforms shown in Figure 4-9 and Figure
4-10 validate the feasibility of the variable-duty method. It is confirmed from
Figure 4-11 that this strategy can effectively reduce the zero-sequence DC cur-
rent. Since the AC fundamental components of the primary-side phase currents
are the same in amplitude (=415 A ) between new and old methods, the peak
current of the phase currents when variable duty ratio is applied is smaller than
that when fixed duty ratio is applied as shown in Figure 4-7 and Figure 4-8,

which verifies the reduction effect of peak current simultaneously.

Transient-State Experiments

To further verify the feasibility of the variable-duty method, two transient-
state experiments were carried out: Figure 4-12 shows the transient-state exper-
imental results when nvy = 0.85 and I,. was changed from +5 A to +15A;
Figure 4-13 shows another transient-state experimental results when
I. =+15 A and Vi was changed from 120 V to 130 V. It should be noted
that Via was set to 150 V in both transient-state experiments.

In Figure 4-12, the transient-state response starts from 0.045 ms and ends
at 0.065 ms. It can be confirmed that the amplitude of inductor current in each
phase is regulated from +5 A to +15 A with good accuracy. Meanwhile, the
DC-capacitor voltages, €.g., Ui, Va2, and ve3 are always kept at 70 V. The
entire transient-state response is completed within 20 pus and the zero-sequence
DC current (i.e.,,) is always close to zero.

In Figure 4-13, the transient-state response starts from 0.05 ms and ends at
0.08 ms. Since Vo is changed from 120 V to 130 V, a corresponding voltage
rise of vmw2 can be observed in the transient-state duration. It can be confirmed
from the results of Figure 4-13 that the inductor current is well-tracked with an
amplitude of +15 A and the DC-capacitor voltages are always kept at 70 V.
The whole transient-state response is completed very fast (within 30 ps) and
stably, although a slight overshoot exists in the transient-state duration.

According to the experimental results of Figure 4-12 and Figure 4-13, the
dynamical performance of the NPW-CC DC-DC converter when variable duty
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ratio is applied is initially validated.

4.7 Conclusion

This Chapter presents new operating principles for the NPW-CC DC-DC
converter based on variable duty ratios. The new operating principles can elim-
inate the DC zero-sequence current in the primary side and can decrease the
peak and RMS currents, especially when 7y is far from one. By applying this
variable-duty method, the voltage harmonic distortion is increased while the
current harmonic distortion is reduced to zero. Thus, although the total power
factor (PF,,) becomes even lower, the RMS and peak currents of the NPW-CC
DC-DC are successfully further reduced. Although the theoretical calculated
efficiency is not significantly improved, the huge peak-current reduction effect
can help decrease size and saturation risk of the inductor and transformer.

The new operating principles, including steady-state and transient-state re-
sponse, have been validated using a 150 V, 2.5 kW downscaled model. Finally,
the DC zero-sequence current reduction effect has also been verified with the

experiments.
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Chapter 5 OTHER TYPES OF CASCADED-

CONVERTERS DC-DC CONVERTERS

In the previous two Chapters, the most basic type of cascaded-converters
DC-DC converter—NPW-CC DC-DC converter has been introduced, including
operating principles using fixed duty ratio and an improvement method to elim-
inate zero-sequence current using variable duty ratio. However, since the NPW-
CC DC-DC converter uses cascaded choppers as the auxiliary converter, there
is another issue which neither method can resolve well: the power limitation
caused by overmodulation in the cascaded choppers. This Chapter focuses on
the overmodulation phenomenon and tries to address this issue by using other

types of cascaded-converters DC-DC converters.

5.1 Basis of Overmodulation

Before the discussion of the power limitation, the basis about overmodula-
tion is introduced in this Section. Figure 5-1 shows the principles of overmodu-
lation in a chopper. Figure 5-1(a) shows the circuit topology of a HB chopper
and Figure 5-1(b) shows the principles of generating PWM signals. It is well-
known that PWM signal is generated by comparing reference voltage with car-
rier voltage. Generally, the carrier is a periodic triangular waveform that varies
from 0 to V.. When the reference voltage is higher than the carrier voltage, the
high-side power switch is turned on. When the reference voltage is lower than
carrier voltage, the high-side power switch is turned off.

In this context, overmodulation is defined as the phenomenon where a HB
chopper continuously outputs “0” or “1” (i.e., V. in Figure 5-1) over multiple
cycles, as shown in Figure 5-1(b). This phenomenon occurs when the modulation

index M, which is defined as

(5.1)
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Figure 5-1 Principles of overmodulation. (a) Typical half bridge chopper; (b) PWM waveform
of choppers.

is greater than 1 or less than 0. The overmodulation makes the chopper out of
control and makes the output nonlinear. Therefore, in most cases, overmodula-

tion in the circuit is not allowed.

5.2 Overmodulation in Cascaded Choppers

Since the NPW-CC DC-DC converter employes cascaded choppers to con-
trol the power flow and to reduce the RMS and peak currents, overmodulation
may occur in the auxiliary converter. Specifically, the overmodulation occurs

when the reference voltage of the auxiliary converter is higher than the total
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DC-capacitor voltage or lower than that. It can also be expressed as

M; <0, (5.2)
or

M;>1, (5.3)

where the modulation index M;; (for u-phase auxiliary converter) is defined as

M]U — Van (54)

=5 .
5 Veur
=1

According to the feedback control introduced in Section 3.4, the voltage of each

DC-capacitor v.,, should be kept at v.. In addition, v, contains two parts,

(vml)m and (vau>y, which is given by (3.9). Thus, the overmodulation can be re-

written as
au + au
M1U=%<O. (5.5)
or
au) T+ (Vau

It can be known from (5.5) and (5.6) that the denominator of M, is a constant
determined by N and V.. The numerator, however, consists of two parts: (Uau) )

which is a fixed waveform determined by V,, and my; and (Uau)y, which is a
waveform determined by the current magnitude, frequency, and inductance
value as in (3.12).

In the NPW-CC DC-DC converter, the value of V. can be dynamically
adjusted using the feedback control system. Therefore, the overmodulation pat-
tern of (5.6) can be avoided by ensuring that V, is sufficiently high. However,

the overmodulation mode in (5.5) cannot be avoided by adjusting V.. Hence,

this Chapter mainly focuses on discussing how to avoid the latter, i.e., the fol-
lowing case:

minl(vau)f + (),

NVL ] <0 or min {(U"“‘>z + (Uau)y} <0. (5.7)

In Section 4.3, (Ua“>m has been given by (4.12) as

ny . (5.8)

2 1 1
('Uau >Jy = UMul — Utu1r — SQIV(ICI - ng? — gSQS _ ngg

Meanwhile, since a sinusoidal current given by (3.13) is desired, (’Uau) can be

calculated as
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Figure 5-2 Overmodulations in NPW-CC DC-DC converter.
(vau)y = —wLI, cos <wt). (5.9)

Substituting (5.8) and (5.9) into (5.7) yields the condition for overmodulation

as

min {SQlVdcl - (%Sm - %SQg - %Sgg)n'y — wLI, cos (wt)} <0. (5.10)

The overmodulation occurs in the NPW-CC DC-DC converter if the minimum
point of v,, is lower than zero, as shown in Figure 5-2. It can be observed that
due to the symmetry of the waveform, overmodulation is independent of the
current direction (i.e., the sign of I..). In (5.10), typically, V.., f,, L, and other
variables are fixed. Thus, it can be inferred that the minimum value of v, is

negatively correlated with nvy and [, simultaneously. This means that when

one variable (nyor I.) increases, the other must decrease correspondingly. In
fact, this is indeed the case. Figure 5-3(a) and (b) respectively show the maxi-
mum current and maximum power of the NPW-CC DC-DC converter at a cer-
tain n7vy without overmodulation. It can be observed that when my is rela-
tively large, the NPW-CC DC-DC converter loses its power transmission capa-
bility whatever fixed-duty method or variable-duty method is applied. Addi-
tionally, although unrelated to this Chapter, Figure 5-3 also shows that the

variable-duty method has a larger capacity when nvy <1, while the fixed-duty
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Figure 5-3 Maximum (a) current and (b) power of NPW-CC DC-DC converter without over-

modulation in auxiliary converter using the model of Section 3.6.

method has a larger capacity when n~y > 1. Therefore, for some specific appli-
cations, the maximum output power of the NPW-CC DC-DC converter can be

matched through appropriate control algorithm.

5.3 NNPW-CC DC-DC Converter

Circuit Configuration and Basic Operations
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Figure 5-4 Circuit configuration of the NNPW-CC DC-DC converter with a Yn-Y transformer
(using IGBTS).

dcz

The simplest method to avoid overmodulation is using NNPW-CC DC-DC
converter instead of NPW-CC DC-DC converter. The circuit topology of
NNPW-CC DC-DC converter is shown in Figure 5-4, and it is very similar to
that of the NPW-CC converter, with the primary difference being the absence
of a neutral point wire. The specific classification method has already been
explained in Section 2.5.2. Nevertheless, the operating principles of the NNPW-
CC DC-DC converter differ significantly from those of the basic type (NPW-
CQC).

The biggest difference between them is the floating voltage, i.e., v,,. In the
basic type, due to the presence of the neutral line, the floating voltage v, is
always equal to zero. However, in the NNPW-CC type, the floating voltage is
not equal to zero and the KVL equation becomes as

Vvt + Vho = Vtut + Vau + Uy, , (5.11)
where v, is a common-mode voltage components of u, v, and w phases. Typi-
cally, in a three-phase circuit, DC voltage and third-series harmonic voltages
(3", 6™, 9™, etc.) are considered as the components of the common-mode voltage.
Among these, since generating third-series harmonics is significantly more chal-
lenging than generating DC, this dissertation considers DC as the common-
mode voltage for the NNPW-CC type converter.

Applying the same treatment to equation (5.11) as was done for (3.8) and
(3.9), the following equation is obtained:

UV = (”UMul — Utul) + Vo + (—ULU)
= (,Uau)w + Vho + (Uau) . (5.12)

Y
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Figure 5-5 Simplified waveforms (a) with negative voltage in v,,; (b) using floating voltage to

au’

raise v,

au*

The new auxiliary converter voltage (v,,) contains (va):, (va),, and an addi-

tional component vy, . The common-mode voltage can actively raise v,

au’

ensur-
ing that v,, remains entirely above zero, subsequently avoiding overmodulation
in the auxiliary converter.

Figure 5-5(a) shows the typical waveforms when the auxiliary converter is
overmodulated, while Figure 5-5(b) shows the simplified waveforms illustrating
how the DC floating common-mode voltage vy, raises v,, to avoid overmodu-
lation. It should be noted that this method may increase the maximum value of

v,,, which means a higher V., is required.

Variable- Duty Operations

Since the NNPW-CC DC-DC converter does not have a neutral point wire,
zero-sequence current is not allowed. Therefore, the fixed-duty operation de-
scribed in Chapter 3 cannot be applied to the modified converter. As a result,
the NNPW-CC DC-DC converter needs to adopt the variable-duty method de-
scribed in Chapter 4. Meanwhile, except for the inclusion of an additional DC

voltage in (vw», the remaining operating principles are the same as those in

Chapter 4.

Block Diagram of Control System

Due to the absence of neutral current, the control system of the circuit is

slightly different. First, instead of directly controlling the AC and DC
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Figure 5-6 Block diagram of control system for NNPW-CC DC-DC converter.

components of the current as in Chapter 3 and Chapter 4, this circuit uses dq0

transformation for current control, as shown in Figure 5-6. Since the control

plant is the inductor, there is a delay between its voltage and current, needing

the following compensation relationship between the reference voltage and ref-

erence current:

*

v, =0

= wliy —[K +

84

K,

S

-

vy = —wiy — [Kp + 5](21 — i)
S
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This process is similar to the reference current compensation described in Sec-

tion. 3.4. Besides, it should be noted that although the zero-sequence component

U: is used for voltage balance control, it is set to zero in the current control.
This is to avoid coupling between different control loops. (va), (also, (va)y
and (V. ), ) is the output of the inverse dg0 transformation block, which is the
opposite of the inductor voltage.

The duty ratio is determined by the same rule listed in TABLE II, Section
4.3. Furthermore, an additional PI controller is used to ensure that the active
power of each auxiliary converter is always equal to zero, subsequently keeping
the DC-capacitor voltage. However, the average voltages among u, v, and w
phases may not achieve balance because they share the same duty ratios (i.e.,
d, and d,), leading to unresolved individual phase errors. The NNPW-CC DC-
DC converter uses zero-sequence voltage to balance the average DC-capacitor
voltages between u, v, and w phases. The implementation is as

1) Calculate the error between the average voltage of all DC-capacitors and

the average voltage of each phase.

2) The amplitude is calculated by the PI controller.

3) Generate the corresponding sinusoidal waveform with the calculated am-

plitude.

4) The zero-sequence voltage is the sum of all sinusoidal waveforms.

The operating principle of the zero-sequence voltage is to generate reactive
power among phases u, v, and w, enabling the DC capacitors of each phase to
charge and discharge each other to achieve balance. The details of the zero-
sequence injection are reported in [141].

Moreover, the DC floating voltage v,, is added to prevent overmodulation
in the auxiliary converter as mentioned previously. The value of v,, can be ar-
bitrarily set as big as it ensures that the overall value of v,, remains greater
than zero. However, although setting a high v,, can prevent the auxiliary con-
verter from overmodulation, it may also increase the switching losses of power
devices. Thus, considering an appropriate floating voltage is necessary. In fact,

the theoretical optimal value of v, can be given by the following equation:

min{vho} = —min{(vau) —wLI, cos(wt)}. (5.14)

T

This optimal floating voltage increases v,, when the minimum value is negative
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Figure 5-7 Simplified circuit and current flows for (a) low voltage charge mode, (b) high voltage
charge mode. (c) charge mode for low voltage charge mode, (d) charge mode for high voltage

charge mode, (e) short-circuit mode.

while it decreases v,, when the minimum value is naturally positive, which en-
sures that the minimum value of v, is exactly equal to zero, as shown in Figure
5-5(b). In this way, overmodulation can be avoided, at the same time, the volt-
age of the DC-capacitors, i.e., V,, can be minimized, thereby reducing losses to
the greatest extent. However, since v,, also contains components for voltage
control, ripple, and periodic errors, the actual v,, will be larger than the theo-
retical value to prevent negative voltages.

Finally, the control system of NNPW-CC DC-DC has the same individual
DC-capacitor voltage control as the NPW-CC DC-DC converter in Figure 3-8.

Initial Charge for DC-Capacitors

Due to the absence of a neutral point wire, the DC capacitors in the NNPW-
CC cannot use the same initial charging method as that in the NPW-CC (i.e.,
charging group by group). This is because the NPW-CC allows neutral current
to serve as the return path for charging current, whereas the NNPW-CC lacks
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TABLE III
SWITCHING LOGICS IN INITTIAL CHARGE FOR NNPW-CC
Devices u phase charge v phase charge w phase charge
Q, dy; 0 0
Q, 0 Ay 0
Q; 0 0 dy
Q, 0 1 1
Q; 1 0 1
Qg 1 1 0
Low voltage charge mode
Q- 0 0 0
Qg 0 0 0
Q 0 0 0
Qo 1 1 1
Qu 1 1 1
Qi 1 1 1
High voltage charge mode
Q; = Q 0 1 1
Qs = Qs 1 0 1
Qy = Qg 1 1 0
Q= Q dy 0 0
Qu=Q, 0 dy; 0
Qi =Qs 0 0 dyg

*1 means the power device is on. 0 means the power device is off. d,; means the power device is

operated with a duty of dy;.

» p1 >

Vekx

k=uyv,w *
r=12,..N Ve (t)

Figure 5-8 Control for initial charge in NNPW-CC DC-DC converter.

_)
+

a path for neutral current. Therefore, the NNPW-CC requires new methods for
initial charging. On the other hand, since the NNPW-CC type may require a
higher V, to generate the floating voltage and avoid overmodulation, therefore,
this dissertation provides two charge modes: low voltage charge mode and high
voltage charge mode.
[Low voltage charge mode]

In the low voltage charge mode, the DC-capacitors are charged using only

Vie1- The simplified circuit for initial charge is shown in Figure 5-7(a). It should

87



Chapter 5 NNPW-CC DC-DC Converter

be noted that the words of “Charge” and “Short” marked in the choppers cells
correspond to the charge mode in Figure 5-7(c) and the short-circuit mode in
Figure 5-7(c). The operating principles can be concluded as follows:
= Although the high-side switch of the cell being charged (e.g., Q,;) is al-
ways on-state, no current flows through it since V. is always less than
V... This approach is intended to reduce losses to a certain extent.
=  When the cells of u phase are being charged, the low-side switch of u
phase (Q,) remains off, while the high-side switch (Q,) toggles on and off
at a frequency of f, with a duty ratio of d,;. Meanwhile, the high-side
switches of v phase and w phase (Q,, Q,) remain off, and the low-side
switches (Q;, Q) remain on. When the cells of v phase or w phase are
charged, a similar logic is followed, as listed in TABLE III.
= The DC capacitors are charged one by one, following the order of v,

culy

v .., and so on.

cu2y *°*

Ucw37 .

= The duty ratio d,; of the high-side switch during cell charging is provided
by the control system shown in Figure 5-8. v.(t) is a slope function de-
fined in (3.25), and its slope determines the charging speed.

= When v

cul

is being charged, the charging current path is shown in Figure
5-7. The charging current of u phase (blue line) is first transferred to the
secondary side, then split into two equal parts (red lines), which return
to the primary side via v phase and w phase, and finally flow back to the
power source V.

In this mode, all high-side switches (or all low-side switches) of the main
converter 2 remain on, which makes the secondary side short-circuited. In the
low voltage charge mode, only V,, is used as the source, hence the highest V,
is equal to V,, as

max {V. } = Vi (5.15)
[High voltage charge mode]

In the high voltage charge mode, V., is also used for initial charge. The
operating principles can be explained using the simplified circuit shown in Fig-
ure 5-7(b). It should be noted that the words of “Charge” and “Short” marked
in the choppers cells correspond to the charge mode in Figure 5-7(d) and the
short-circuit mode in Figure 5-7(c). Since V, is higher than V,,, the operating

principles are slightly different from those of the low voltage charge mode.
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* In this mode, the high-side switch of the cell being charged (e.g., Q,,) is
always off-state to avoid the discharging path from DC-capacitor to
sources.

= The corresponding low-side switches in the secondary side follows the
operation of the high-side switches in the primary side (e.g., Q,, = Q,),
while the high-side switches in secondary side follows the operation of
the low-side switches in the primary side (e.g., Q, = Q,), as listed in
TABLE III.

Apart from the differences mentioned above, the other operating principles are
the same as those of the low-voltage charge mode.

In this mode, the charging current flows through V., as shown in Figure 5-

7(b), hence a higher V, can be obtained as

max {Vc} - Vdcl + %VdCQ = Vdcl . (5-16)

1+ 2L
2

The NPW-CC type utilizes neutral current for initial charging, and as men-
tioned in Section 3.1, the transformer employs a three-limb core, ensuring that
the neutral current does not influence the flux. However, the NNPW-CC type
lacks a neutral point wire, and if the secondary side is open-circuited, all the
charging current would flow through the magnetization core, potentially leading
to core saturation. Therefore, regardless of the charging mode (low or high), the
NNPW-CC type must lead the charging current to the secondary side first and
then back to the primary side to prevent core saturation from excessive mag-

netization current.

FEvaluated Efficiency

This Subsection shows a comparison between the TP-DAB converter and
NNPW-CC DC-DC converter in terms of conversion efficiency using the same
evaluation model used in Section 3.6. Figure 5-9(a) shows the case of ny =1.2,
while Figure 5-9(b) shows the case of ny =1.4. As a reference, the conversion
efficiency of the NPW-CC type using fixed-duty method is also given in Figure
5-9(a). It can be seen from Figure 5-9(a) that the NPW-CC DC-DC converter
using fixed-duty method has the highest conversion efficiency when under full-
range load conditions when n~vy =1.2. Although the NNPW-CC type presents
a lower conversion efficiency than NPW-CC type because of higher V.. Never-

theless, the NNPW-CC type still has comparable efficiency compared to the
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Figure 5-9 Evaluated efficiency when (a) ny=1.2, (b) ny=14.

TP-DAB converter, where it presents better except the area of 100-500 kW
(around 10%-40% load). When nvy = 1.4, since the NPW-CC type losses most
of output ability, only the NNPW-CC is considered for the comparison. It can
be seen from Figure 5-9(b) that the NNPW-CC type presents a higher efficiency
than the TP-DAB converter over the entire load range. Therefore, at higher nvy
values, benefiting for the low RMS current (owing to zero reactive power), the
NNPW-CC can still achieve higher conversion efficiency despite using more

power components.

Simulation Verifications

The NNPW-CC DC-DC converter is initially verified by computer simula-

tion, which is shown in Figure 5-10. It shows the simulation results of the con-
verter from the beginning of the initial charging phase to the end of the initial
charging phase and its transition to steady state. In this simulation, V. is set
to 150 V; nis set to 2; ~ is set to 0.7 (i.e., ny =1.4); L is set to 0.2 mH; V,
is set to 200 V; £, is set at 450 Hz; f, is set at 7.2 kHz. Besides, three cascaded
choppers (N = 3) are employed in each phase. In the initial charge, high voltage
charge mode is used and charging speed is set to 2000 V/s. In the steady state,
iq is set to +20 A.

Figure 5-10 shows that the converter transition from initial charge to steady
state. It can be observed that the DC capacitors are charged one by one to 200V.
It can be observed that the charging current in the simulation is very large.
This is because the computational capacity (the PC) is limited, requiring a

shorter simulation duration; therefore, the charging speed was set very high
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Figure 5-10 Simulation results of NNPW-CC DC-DC converter, from initial charge to steady

state.

(2000 V/s). In practical applications, the charging speed can be set much slower

to reduce the charging current. Additionally, the charging current goes to the

secondary side then is split into two equal parts, as described previously. Once

all DC capacitor voltages reach V., the converter enters steady state, and the
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Figure 5-11 Steady-state simulation results of NNPW-CC DC-DC converter.

control system shown in Figure 5-6 begins to work. It can be overserved that
the DC-capacitors voltages are well controlled at V_, which proves the effective-
ness of the control system. Figure 5-11 shows the detailed waveforms of the
steady-state simulation results. The current is controlled as a sine wave with an
amplitude of 20 A, and no DC current is superimposed on %,,, which proves that
the variable-duty method works properly. Then, a 200 V floating voltage v, is
added to v,, to avoid the overmodulation. According to the description of Sec-
tion 5.1, when the variable-duty method is applied, overmodulation occurs if
ny > 1.15. However, no overmodulation occurs in Figure 5-11, although n~vy is
equal to 1.4.

The simulation results confirm that the NNPW-CC DC-DC converter in-
deed does not face the risk of overmodulation. However, it can be observed that
the peak voltage of wv,, reaches approximately 400 V, which means that each
cascaded chopper requires at least 133 V of DC voltage. As n~y increases, this

voltage will become even higher, implying greater switching losses, higher-rated
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power devices, or more chopper cells.

The purpose of this Chapter is to explain the basic operating principles of
the NNPW-CC DC-DC converter and how it avoids overmodulation. Under-
standing these principles is crucial for introducing the two subsequent converters:

NPW-CF type and NNPW-CF type.

5.4 NPW-CF DC-DC Converter

Main converter 1 Auxiliary converters Primary| Secondary Main converter 2
. vi1U7 ,in; an - ’ .
’dei Q Q: Qs Veul Veuzr  UeuN it o Q7 Qs Qo g2

fda=

e
] J@J@S ) N
Q Q Q i Qo Qu Qu

Figure 5-12 Circuit configuration of the NPW-CF DC-DC converter with a Yn-Y transformer
(using IGBTS).

T Vdez

Figure 5-12 shows the circuit topology of the NPW-CF DC-DC converter.
Apart from replacing the cascaded choppers with cascaded full bridges, the cir-
cuit structure is identical to that of the NPW-CC type. Additionally, except for
the PWM output method used by the full bridge, the operating principles of
the circuit are also the same. The NPW-CF type can also use both fixed-duty
and variable-duty methods. Similarly, using variable-duty method can reduce
the DC current but may increase the required voltage in the DC-capacitor (i.e.,
V.). Therefore, the choice of method depends on the specific circumstances.
The biggest difference between NPW-CC type and NPW-CF type is the PWM
generation. It is well-known that full bridge uses bipolar PWM while chopper
uses unipolar PWM. Unipolar PWM means the PWM waveform is generated
using a unipolar carrier, which is shown in Figure 5-1(b). Hence, bipolar PWM
means the PWM waveform is generated using a bipolar carrier, which is shown
in Figure 5-13. The full bridge has two sets of switching signals that share a
single bipolar carrier. The reference voltage v, for the first set of switching
signals (Sy,) and the reference voltage v,, for the second set of switching signals

(Sqe) satisfy the following relationship:
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Figure 5-13 Principles of overmodulation. (a) Typical full bridge; (b) Bipolar PWM waveform
for full bridge.

Ur1 = —Ur2. (517)
In the full bridge, the modulation index is still defined as:
MI:M or MI:Ui (518)
del Vdcl

However, unlike the half-bridge chopper, the full bridge allows the modula-
tion index to be negative. Overmodulation occurs only when the modulation
index is greater than 1. Due to this characteristic, the overmodulation shown in
Figure 5-2 no longer occurs. As long as V. is sufficiently high, the NPW-CF
type theoretically has no voltage conversion ratio or current limitations.

Finally, cascaded full bridges using bipolar PWM can achieve an equivalent
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frequency that is twice that of cascaded choppers using unipolar PWM. For
instance, N cascaded full bridges with a switching frequency of f, can achieve
an equivalent frequency of 2Nf, through PS-PWM, whereas the same number
and frequency of cascaded choppers can only achieve an equivalent frequency of
Nf,. Nevertheless, full bridges require twice the number of switches compared
to choppers, so the specific circuit configuration should be determined based on

application requirements.

5.5 NNPW-CF DC-DC Converter
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Figure 5-14 Circuit configuration of the NNPW-CF DC-DC converter with a Yn-Y transformer
(using IGBTS).

The circuit configuration of NNPW-CF DC-DC converter is shown in Figure
5-14. Apart from the neutral wire, the NNPW-CF type and NPW-CF type have
the same circuit topology. Besides, the NNPW-CF type has similar operating
principles to the NNPW-CC type. Due to the absence of neutral point wire, the
NNPW-CF type also needs to operate with variable-duty method. Compared
with the NNPW-CC type, the NNPW-CF type does not need to raise v,, to
avoid overmodulation, owing to the modulation ability with negative voltages
of full bridges. In addition, the NNPW-CF type can reduce the value of V,
through a floating voltage. The specific method is shown in Figure 5-15(a). In
Figure 5-15(a), the peak-to-peak value of v,, (V) is calculated as

Vy-p = max {fuw} — min {fuau} ) (5.19)
then an appropriate floating voltage (u,,) is used to make the absolute values of
the positive and negative peaks of v,, equal to half of the peak-to-peak value.

i.e., the following equation holds:
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Figure 5-15 Simplified waveforms of (a) NNPW-CF; (b) NNPW-CC.

max {vau} = max{(va‘uh + <Uau )y} + Uno = %Vpp . (5.20)

Thus, the equation of v,, can be given by

o = zmac{(on), + (o) o+ Smin{(ua) + (o)} G2D)
Meanwhile, the waveforms of the NNPW-CC type are also shown in Figure
5-15(b). Unlike the NNPW-CF type, the NNPW-CC type uses a floating voltage
to raise v,, so that it remains entirely above zero, thereby preventing overmod-
ulation. On the other hand, the NNPW-CF type uses a floating voltage to “bal-
ance” v,,, i.e., making (5.20) holds, thereby reducing V.. Under the same con-
ditions ( V4, m7y) and with the same output (I,.), the waveforms of (v.,), and
(Van )y for the NNPW-CC and NNPW-CF types are identical, i.e., the peak-to-
peak value of v,, is same. In Figure 5-15(a), the maximum value of v,, can also
be expressed using the peak-to-peak value V,  as
max {vau} =Vip- (5.22)
However, due to the difference in floating voltage, the peak value of v, in the

NNPW-CF type is ideally only half that of the NNPW-CC type as given by
(5.20).

5.6 Cost Evaluations

This Chapter has discussed the circuit topologies and operating principles
of three converters other than the basic cascaded converter (NPW-CC type).

All of them do not have overmodulation concerns and limitations on voltage
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Figure 5-16 Minimum required voltages in each auxiliary converter under different n~ .

conversion ratio or output current. However, each converter has distinct char-
acteristics and application scenarios. This Section focuses on cost, discussing
the power rating and quantity of power components required for each auxiliary
converter. All comparisons and discussions are based on the same V., nvy, and

output power. The comparison focuses on the maximum value of v, which

represents the maximum voltage the auxiliary converter needs to output. To

achieve this maximum voltage, the total voltage of all DC capacitors in each

phase of the auxiliary converter must exceed this value. Assuming that each

phase of the converter has N cascaded converters and that the DC voltage of

each cascaded converter is V,, the following relationship must be satisfied:

max {fuau}
N

In this section, V,, is set to 150 V, I _is set to 50 A, and L is set to 0.5 mH.

b ac

V. > (5.23)

Figure 5-15 shows the theoretical maximum wv,, values for the three converters
when achieving the current amplitude of 50 A without overmodulation. As pre-
viously analyzed, it can be observed that the maximum wv,, value of the NNPW-
CF type is approximately half that of the NNPW-CC type. Additionally, the
NPW-CF type has a higher v,, value than the NNPW-CF type in the range of
0 < nvy < 1, while they are comparable in the range of 1 <ny <2. Compared

97



Chapter 5 Cost Evaluations

TABLE IV
COST INDEX FOR AUXILIARY CONVERTER IN EACH PHASE

Devices Cell Device Cost
TYPE Main Duty' O.M.? ) ) ) .
Quantity’? Quantity’ Rating’  Index’

NPW-CC Fixed/ Variable  Yes

NNPW-CC Variable No 3 2X or X Y or 2Y 6XY
NPW-CF Fixed/ Variable No 5 2X or X Y or 2Y 10XY
NNPW-CF Variable No 5 X Y 5XY

! What duty method can be used for main converters. > Does the converter has concern of
overmodulation. * 2 power switches and 1 capacitor for choppers; 4 power switches and 1 capac-
itor for full bridges. * The number of cascaded converters, based on NNPW-CF type. ° The
power rating of each power device in auxiliary converters. ® Evaluated cost, equal to device

quantity times cell quantity times device power rating.

to the NNPW-CC type, the NPW-CF type has a significantly lower v,, value in
the range of 0.5 < ny <2 but a higher v,, value in the range of 0 < nvy < 0.5.
Based on the results in Figure 5-16, the cost of power components in the auxil-
iary converter for each type of converter can be evaluated, as shown in TABLE
IV. It should be noted that the NPW-CC type is excluded from the cost evalu-
ation due to concerns about overmodulation.

From TABLE IV, the NNPW-CF type has the lowest cost index. For exam-
ple, when nvy = 1.5, the NNPW-CC type requires approximately 4 choppers
rated at 80 V each (totaling 320 V), the NPW-CF type requires approximately
2 full bridges rated at 80 V each (totaling 160 V), and the NNPW-CF type also
requires approximately 2 full bridges rated at 80 V each (totaling 160 V). Thus,
the NNPW-CC type requires 12 power components rated at 80 V per phase (8
switches and 4 DC-capacitors), the NPW-CF type requires 10 power compo-
nents rated at 80 V per phase (8 switches and 2 DC-capacitors), and the NNPW-
CF type also requires 10 power components rated at 80 V (the same as the
NPW-CF type). When nvy = 0.5, the NNPW-CC type requires approximately
2 choppers rated at 80 V each (totaling 160 V), the NPW-CF type requires
approximately 2 full bridges rated at 80 V each (totaling 160 V), and the
NNPW-CF type requires only 1 full bridge rated at 80 V (totaling 80 V). Thus,
the NNPW-CC type requires 6 power components rated at 80 V per phase (4
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switches and 2 DC-capacitors), the NPW-CF type requires 10 power compo-
nents rated at 80 V per phase (8 switches and 2 DC-capacitors), and the NNPW-
CF type requires only 5 power components rated at 80 V per phase (4 switches
and 1 DC-capacitor).

Furthermore, TABLE IV also shows if the converter needs the variable-duty
method. Although all CC DC-DC converters can use the variable-duty method
to reduce zero-sequence current, it is not always necessary to do so. This is
because the variable-duty method requires higher DC voltage ( V.) and switching
frequency in the auxiliary converter (f,). However, since the NNPW-CC and
NNPW-CF types lack a neutral point wire, the variable-duty method is neces-
sary. Additionally, whether or not to use the variable-duty method also affects
the type of transformer used. For example, when the variable-duty method is
used, no zero-sequence current flows through the transformer (achieving unity
power factor PF ), making three-limb core transformers unnecessary. On the
other hand, for NPW-CC and NPW-CF converters that use fixed duty ratios,
three-limb core transformers are recommended to prevent core saturation caused
by zero-sequence currents.

It is worth noting that the cost index in this Section is for reference only.
In practice, the cost index is not a fixed value; it varies with changes in current
and n7vy. Therefore, the cost of each converter should be evaluated based on

specific applications and requirements.

5.7 Conclusion

This Chapter primarily discusses the remaining three types of cascaded con-
verter DC-DC converters. The cascaded chopper DC-DC converters were cate-
gorized into four types in Subsection 2.5.2. Chapter 3 and Chapter 4 have in-
troduced the basic type, the NPW-CC DC-DC converter, including its basic
operating principles and experimental verification. However, the cascaded chop-
pers in the NPW-CC type face a risk of overmodulation when operating at high
voltage conversion ratios or currents. The other three types do not have over-
modulation concerns and can utilize floating voltages or cascaded full-bridges
(or both) to overcome the limitations of voltage conversion ratios and currents.
This Chapter focuses on the operating principles of the NNPW-CC type and

how it uses floating voltage to avoid overmodulation in choppers. Additionally,
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this Chapter also briefly introduces the fundamentals of NPW-CF and NNPW-
CF types. Although their operating principles are very similar to the previous
two types, they each have unique characteristics, e.g., reducing V.. Lastly, this
Chapter introduces a cost index method based on the maximum voltage of the
auxiliary converter to evaluate these three types of cascaded converter DC-DC

converters.
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Chapter 6 DISCUSSIONS AND CONCLU-

SIONS

6.1 Discussions

6.1.1 Optimal Switching Frequency

w T e L

/UI‘]. Url
Vr2 Ur2
Ur3 Ur3

ful M Tul M
(a) (b)

Figure 6-1 Waveforms using variable-duty method with same f, ( = 1/T,;) but different f,. (a)
fo = 8fas (b) fo = 4fa

This Section briefly discusses the switching frequency of the auxiliary con-
verters. The proposed DC-DC converter in this dissertation is essentially a so-
lution that trades additional power components for improved performance. The
cascaded converter generates high-frequency components to control the low-fre-
quency components of the main converter. It is well known that higher switching

frequencies result in better control performance but also lead to larger switching
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losses. Since the equivalent frequency of the cascaded converter is related to
both the number of cascaded units and the switching frequency, achieving the
same or even better performance with fewer converters and lower switching
frequencies is one of the goals. However, this is not an easy task.

Figure 6-1(a) and (b) show the waveforms with different f,. When f, is
sufficiently high, as shown in Figure 6-1(a), the carrier signal of the auxiliary

converter can effectively generate (vm‘) , resulting in better current control per-

formance in the circuit. Conversely, when f, is too low, as shown in Figure 6-
1(b), the large carrier intervals prevent certain cells of the auxiliary converter
from correctly generating (va )., leading to increased current harmonics and a
loss of control. Additionally, the variable-duty method as discussed in Chapter
4 requires a much higher switching frequency compared to the fixed-duty
method. This is because when the variation in duty cycle is small, a very high
switching frequency is needed to reflect this information in the auxiliary con-
verter, similar to the Nyquist sampling theorem. In the experimental verifica-
tions using variable-duty method, e.g., 450-Hz switching frequency was adopted
as f, for the main converters and 3.6-kHz (which is 8 times of 450 Hz) switching
frequency was adopted as f, for the auxiliary converters. The results are shown
in Section 4.6 and they look well-controlled. However, if a lower f, is used, more
distortion may be superimposed on the current and even makes the current out
of sinusoidal. In fact, after several attempts, it was found that when f, is lower
than 2.7 kHz, the experimental setup struggles to achieve good current control
performance, and the results were subjectively considered by the author as “un-
usable”.

Another point worth discussing is the current waveform. Obviously, this
dissertation adopts a sinusoidal current which is in phase with the voltage to
achieve zero reactive power and minimum distortion power. However, generating
sinusoidal currents demands a higher switching frequency, because they are “ir-
regular”. Theoretically, if f, is sufficiently high, the converter can generate cur-
rent waveforms of any shape. It is also possible to reduce f, by generating “reg-
ular” current waveforms, such as triangular or square waves. However, triangu-
lar and square waves contain higher harmonic components, which increase dis-
tortion power and, consequently, raise RMS current (and possibly peak current).
The author of this dissertation believes that the choice of current waveform will
depend on the specific application, which may become one of the research topics

in the future.
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Additionally, since the auxiliary converter employs PS-PWM, a higher
equivalent frequency can also be achieved by increasing the number of cascaded
units. However, this increases the number of power components. Similarly, re-
placing choppers with full bridges achieves 2-times equivalent frequency, by in-
creasing 3 power components per cell to 5 power components per cell. Therefore,
although this dissertation does not explore how to achieve the optimal number
of cascaded units and switching frequency, investigating the optimal solution for

the auxiliary converter could be a future direction of this research.

6.1.2 Cascaded-Converters DC-DC Converter with Breaker

Main converter 1 Auxiliary converters Primary| Secondary Main converter 2
. Vauy Vavs Vaw - .
Tdc1 Ql Qz Q3 . Q7 Qs Qo Zac2

‘ Veul Veuz VeuN Z.u 1 Tn2
J%% JE % JE %

u | SR— - es
==l
VaaT I - Lo

UMul
4 W = = .ee

-

J ‘J@J@Sh N

Q4 Qs QG in Qn2 Breaker Qw Qn le

T Vdc?

Figure 6-2 NPW-CF DC-DC converter with semiconductor breaker in neutral point wire (using

IGBTS).

This dissertation discusses four types of cascaded-converter DC-DC con-
verters. Although their structures are similar, each has distinct characteristics.
Each converter excels in specific areas, so there is no definitive winner among
them. However, in some cases, a solution that is suitable for most scenarios is
desirable. This Section proposes a special structure aimed at achieving high
performance over the entire load range and the full voltage conversion ratio
range. Figure 6-2 shows the circuit topology of the NPW-CF DC-DC converter
with a semiconductor breaker in the neutral point wire. This converter incorpo-
rates the functionalities of the NPW-CF, NNPW-CF, and TP-DAB converters.
By controlling the cascaded full-bridge and circuit breakers, its operating mode
can be switched. Specifically, this circuit features three operating modes:

1. When the cascaded full-bridge is bypassed (short-circuited) and the cir-

cuit breaker is open (Q,; off, Q,, off), the converter operates as a TP-

DAB converter.
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2. When the circuit breaker is short (Q,, on, Q, on) and the auxiliary
converter operates normally, the converter functions as an NNPW-CF
converter. In this mode, the main converter should use the variable-duty
method.

3. When the circuit breaker is open and the auxiliary converter operates
normally, the converter functions as an NPW-CF converter. In this mode,
the main converter can use either the fixed- or variable-duty ratio method.

Since ESS is a long-term operating system rather than an instantaneous one
i.e., each operating state persists (e.g., the input and output voltages) for a
relatively long time, the converter can switch operating modes as needed. The
advantage of this design is that it ensures satisfactory performance across any
voltage conversion ratio and load range. For example:

e When nvy =1, the converter operates in TP-DAB mode, achieving high

efficiency.

e When nvy <1, the system operates in NPW-CF mode using the fixed-
duty method.

e When nvy <1, it operates in NPW-CF mode using the variable-duty
method.

e When nvy >1, it can operate in NNPW-CF mode.

This dissertation provides only one specific case as a reference, while real
scenarios are far more complex. Determining how to switch modes requires cal-
culations, evaluations, and validations. Since this topic is beyond the scope of
this dissertation, further details are not provided here. The author hopes that

this research can be continued in the future.

6.1.3 Transformer Design

This Section briefly discusses transformer design. Since each cascaded-con-
verter DC-DC converter has its own unique characteristics, it is difficult to
propose a universal transformer design method. However, the author still hopes
that this dissertation can provide some considerations to inspire readers.

First, regarding the transformer windings turns ratio n, it is a crucial parameter
(as it affects ny). The core idea of this dissertation is to explore which con-
verter has advantages under different ny conditions. For example, when

ny = 1, the TP-DAB converter clearly exhibits lower losses under typical load
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conditions (as shown in Figure 5-9). Additionally, when nvy > 1.5, the NPW-
CC type becomes unusable due to overmodulation. Therefore, when using the
NPW-CC type, it is advisable to avoid employing a transformer with large n
value. Nevertheless, from an engineering perspective, certain benchmarks must
still be followed. For example, if the known DC input voltage range (e.g., the
DC grid) is:

Vii ~ Vs (6.1)
and the DC output voltage range (e.g., the energy storage battery pack) is:
Vor = Vaa. (6.2)
then the range of + should be considered as:
v € (1.72), (6.3)
where
o= “;1 Y2 = EQ : (6.4)

In this case, n should be designed based on the v in (6.3). For instance, the
turns ratio n for the NPW-CC type should follow:
1.5  1.5Vy
< == :
Y2 Voo

(6.5)

The actual value of n should depend on the type of converter, its rated capacity,
and the voltage conversion ratio. Additionally, for the mode-switchable con-
verter discussed in the previous subsection, the design of n becomes more com-
plex. This dissertation provides a design approach where n7y is set near one
(or equal to one), ensuring that the converter can switch between the three
modes and achieve optimal performance under each voltage conversion ratio. In
this case, the value of « should be determined as the ratio of the average (or

median) DC output voltage to the average (or median) DC input voltage.

6.2 Conclusions

This dissertation proposes a novel bidirectional isolated DC-DC converter
based on the TP-DAB and cascaded converters. It comprises a total of four
types.

In Chapter 3, one of these types, the NPW-CC DC-DC converter, is intro-
duced. Compared to the conventional TP-DAB converter, it features lower RMS
and peak currents. In some cases, it also achieves higher conversion efficiency,
especially under light-load conditions. However, since the NPW-CC DC-DC
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converter discussed in Chapter 3 adopts a fixed duty ratio, it generates signifi-
cant DC current when the voltage conversion ratio (n+y ) is not equal to one.

In Chapter 4, a variable-duty method for reducing DC current is proposed.
This method effectively eliminates DC current, further reducing the RMS and
peak currents in the circuit. Despite the advantages of the NPW-CC DC-DC
converter, it still faces overmodulation issues under high voltage conversion ra-
tios and high currents.

In Chapter 5, the overmodulation problem is discussed in detail. Addition-
ally, the operating principles of the remaining three types of cascaded converter
DC-DC converters are introduced. Finally, this dissertation compares the mini-
mum voltage requirements of the auxiliary converters for each type and proposes

a cost index method for evaluating them.
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APPENDIX I

Appendix I is attached for the calculations of RMS and peak currents of the
TP-DAB converter (topology in Figure 2-3). It should be noted that all analysis
and calculations for TP-DAB converter are based on SPS modulation intro-
duced in [86], and this part is only used as supplementary materials for Section
3.6. Since the TP-DAB converter involves phase shift angle, all derivations in
this appendix are conducted using radians rather than time. The TP-DAB con-
verter has two operating modes switched at ¢ = 60°. When 0°< ¢< 60°, the
key waveforms of the TP-DAB converter can be shown as Figure 2-4(a). The

current waveform can be expressed as

a(&):¢(0)+wé 0<6<¢

36051.[/
. . ‘/(1(:1(1 _ nfy) _ ™
i(6) = i(¢) + el (6—9) p<8<Z
ooy, Vaa@—=n7v) o 1 T T
13(5)_2(3)+—3%L (-2 F<6<T4o
. . ks Vdd(Q — n*y) T s 2_7'('
24((5)—2((;5—1-3)—1——3%1L 6—¢ 3) Frosé<s
i(6) = i(2) 4 Va2 =20 (s om, I 2y

3 3wal 3 3 3

. . . Vaa(2 — n7y) 9 9
L= lig(8) = 2my  Yaeke = n7%) o 40 2wy 21 <6 (A1
o = [i0) = itp + 22y + L2 g 2m) 25 g o (a)

where 4(0) denotes the initial current value and 4(0) = h[%—’y —yh — 2—7T]
Swal | 3 3

Meanwhile, the transmitted power of the TP-DAB converter in this case is given
by

Viany |2 ¢

P, (¢, ny)= = 0| (A.2)

wle

It can be seen that the relationship between the phase shift angle ¢ and the
transmitted power P, is a quadratic equation. Therefore, mathematically, the
required ¢ corresponding to the desired transmitted power can be solved using

the quadratic formula. Subsequently, substituting this ¢ into (A.1) yields the



Appendix I

current expression for the first half-cycle (0, 7). Finally, the current expression
for the second half-cycle can also be obtained due to symmetry.
Figure 2-4(b) shows the key waveforms of the TP-DAB converter when 60°<

¢ <120°. In this case, the current waveform can be expressed as

, , Vaa{l + 2n7) T

0) = i(0) + ———6 0<é<op—=4
i®) = i(0) + L2 <h<o-I
‘ . Vaad + n7y)
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0(8) = i(9) + V=1 5 g p<o<im

Swle 3
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where () = 3V¢1L<7w — 2y — 2?77) Meanwhile, the transmitted power of the
Ws1
TP-DAB converter in this case is given by
Viany o 7
P, (¢, == Tlp-——— A4

In this case, the relationship between the phase shift angle ¢ and the transmit-

ted power P, remains a quadratic equation. Therefore, the previous method is

still applicable.
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APPENDIX I1

The u-phase inductor current using fixed duty ratio is a superimposed wave-

form containing both DC and AC components. It is given by (3.13) and (3.16)

as
t = L sin(wt)—i—z(nfy—l) . (B.1)
™
The peak and RMS values of (B.1) can be calculated as
Ipeakiold — |Iac| + |Idc| — |I<LL|(1 +2 _zn’}/)
T T
Irmsiold - lIzgc + I(i - Ia(’, \/l+l(n272 _277/7 + 1) . (B2)
V2 2w

Meanwhile, since the variable-duty method eliminates the DC component
from the inductor current, %, becomes to a pure sinusoidal waveform as
i = L sin (wt). (B.3)
The peak and RMS values of (B.3) can be calculated as

Ipoak_now == |Iac|

1

Irms new — ~——
)

L.

(B.4)
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