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Chapter 1

Introduction

1.1 Research Background

1.1.1 Hybrid Energy Storage Systems
What are Hybrid Energy Storage Systems?

Hybrid energy storage (HES) systems, which are hybridized of Li-ion battery and
other types of energy storage and renewable energy in a single system [1]-[5], are
developing in many applications, as shown in Figure 1.1. For example, it is micro-
grid; a household electrical system connects photovoltaic (PV) power and electric
vehicles (EVs), or storage systems; a plug-in hybrid electric vehicle (PHEV) uses hy-
brid fuel and plug-in battery; a battery electric vehicle (BEV) includes main battery
and support battery; the direct current (DC) distribution connected to source, load,

and battery.

Why Hybrid Energy Storage Systems are Developing?

The renewable energy systems and electric vehicles (EVs) are increasingly used in

recent years [6]-[14]. Renewable energy systems include but are not limited to solar
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FIGURE 1.1: Hybrid energy storage (HES) systems.

photovoltaic (PV), wind power, biomass, hydro, and geothermal systems. World-
wide yearly addition renewable energies include 60% PV solar and 30% wind power
[8]. Together with the PV power plant, the rooftop PV system is a common and es-
sential energy source for residential loads. On the other hand, Electric mobility is
developing with the assistance of the participants of the electric vehicles initiative
for electric vehicles (EVs). EVs have been developing rapidly during the last ten
years, with the global stock of passenger EVs passing five million in 2018, which is
63% from 2017 [9]. The number of EVs is continuing increasing around 50% each
yeat, from 5.3 million in 2018 to 130 million in 2030.

However, renewable energies have fluctuation voltage and power depending on
the daily weather and time [11]-[13]. The solar PV energy, which depends on the

sunny time, generates high power at day time. However, it does not has power at
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night time. However, morning and evening is high load in residents [13]. There-
fore, Battery and other energy storage can support PV and grid to increase the per-
formance, stability, and reliability of the systems. Other than the battery storage
station, EVs have a high capacity battery that can also be the storage to support
the household, building, and grid. PV can charge EVs directly [14], and or EVs
can support to grid [15]. Because many storage systems and household loads as
are mainly direct current (DC) types, the DC grid has considerable potential for in-
creasing the efficiency of distribution grids and reducing filter effort [16]-[18] in the
future. Therefore, the future electrical grid systems include many HES systems, as

shown in Figure 1.2.

I DC DC ‘
DC DC
PV
plant : iJ_i
Py
Pt
Storage 1
Storage 2 . .
. . EVs: Electric Vehicles
—  Power connection Wind farm SIOMage  \/>G: vehicle to grid
e Power flow direction G2V: grid to vehicles

emms Communication

FIGURE 1.2: DC gid/microgrid including HES systems.

Moreover, specific energy (Wh/Kg) and specific power (W /Kg) of the Li-ion bat-
tery are improved better than lead-acid batteries and nickel-cadmium (Ni-Cd) bat-
teries, but are still under the expectation of electric mobility applications, as shown
in Figure 1.3. Therefore, HES systems are developing for EVs application [19]-[23].
The EVs can be categorized in many types as battery electric vehicle (BEV), plug-

in hybrid electric vehicle (PHEV), and hybrid electric vehicle (HEV). Other than
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BEVs, HEV, and PHEV, many fuel cell EVs (FCEVs) are also developed and im-
plemented [20]-[22]. However, the fuel cells have the disadvantage of a slow tran-
sient response. Therefore, the battery or supercapacitor is used to adapt to the fast
response in FCEVs [23]. Japan’s car strategy via a co-operative method through-
out industrial stakeholders, targets to reduce 80% of greenhouse gas (GHG) emis-
sions from cars produced by home automakers (90% for passenger EVs, consisting
of exported vehicles), to be performed by 2050 with a combination of HEVs, BEVs,

PHEVs, and FCEVs.

1000

m
3100 F
X
=~
=
)
[<B) -
&
:é) ..... , , Super_
(&) 1 capacitors
<)
[ I T R B R e sl
wn

0.1

10 100 1000 10000

Specific power [W/Kg]

FIGURE 1.3: Specific power and energy of common sources for vehi-
cles [3].

The HES systems can optimize the advantages of all the energy systems. HES
systems contribute performance, stability, reliability, and flexibility of the applica-

tions. Therefore, HES systems will be developed more in the future.
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1.1.2 Required Technologies and Challenges in Realizing HES Systems

DC-DC converter

The DC-DC converter is one of the essential technologies for realizing the HES sys-
tems [24]-[25]. DC-DC converters offer precise control ability for power flow with
high reliability by controlling the voltage, current of each element. Dual active
bridge (DAB), an isolated bidirectional DC-DC converter, has been proposed for
many applications [26]-[27]. The DAB converter includes two full-bridge inverters
that are connected by an isolation transformer at high-frequency operation, as shown
in Figure 1.4. It has advantages such as a bidirectional power flow with high effi-

ciency and a simple control method.

Ly

FIGURE 1.4: Dual active bridge (DAB) converter circuit.

However, it can only connect two ports; thus, many DAB converters need to be
used to connect different elements to the DC-bus in the HES systems. Moreover,
it may require a communication bus to control power flow. Therefore, the triple-
active-bridge (TAB) converter is proposed to connect one more element by adding
one more port to the DAB converter, as shown in Figure 1.5 [28]. The advantages of
the DAB converter can be kept in the TAB converter. Moreover, the TAB converter
enables flexible power transmission between three ports, as shown in Figure 1.6.

This shows that three DAB converters are required in Figure 1.6 to achieve flexible
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power transmission between three elements, which is achieved by only one TAB
converter in Figure 1.6b. Also, the communication between the three elements is not
necessary when using the TAB converter. Therefore, the control of the total system
is more straightforward. Therefore, the TAB converter is a next-generation DC-DC

converter for HES systems.

****** 1
|
|

|

11
—

o

FIGURE 1.5: Triple-active-bridge (TAB) converter circuit.

r DAB —Element 2 — Element 2
Element 1 DAB Element 1<—|:+<‘§ TAB
L DAB —»Element 3 L » Element 3

@) (b)

FIGURE 1.6: Comparison of a system using DAB and TAB converters.
(a) System using DAB converter, (b) System using TAB converter.
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Li-ion Battery Capacity

The advantages of Li-ion batteries such as high energy efficiency, long life, and no
memory effects, which make them ideal as the leading energy storage in HES sys-
tems [29]-[30]. The high adoption rate of Li-ion batteries for many applications is
leading to the growth of the market. However, the safe operation and maximizing
capacity of Li-ion battery are the challenges due to several hundred or thousand cells
in a battery pack [31]. Figure 1.7 shows the usable charge/discharge and capacity
loss of the battery pack in a charging/discharging cycle. The capacity loss keeps
increasing by each charge/discharge cycle. In addition, the battery pack capacity in
HES systems decides the operating voltage and capacity of the systems. Therefore,
the battery voltage balancing is the technology to maximize the capacity and realize

the battery’s safe operation [31]-[32].

+ _

Capacity loss

Useable Battery

charge / discharge voltage
balancing

Capacity loss

FIGURE 1.7: Capacity loss and battery voltage balancing.
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1.2 Motivation and Objective

In the HES systems, the triple active bridge (TAB) converter, which is an isolated
bidirectional DC-DC converter, has many advantages as a core circuit. The power
control of the TAB converter for the HES systems is setup based on the voltage and
current of the battery packs and other elements. However, the battery packs and
these elements have a wide voltage variation. The voltage and current range and

the rated power vary depending on the size and target of the systems.

| Renewable energies | " [z N
'Supercapacitor v, + 1 g—fﬂ'ﬂ«— Ly
" Fuel cell T T i 2
\Electricity based ICE

Loss

Useable

Charge

(¢D)
(@]
[°]
&=
S

(@)

=
G
25
T 5
m o

Loss TAB converter
Battery

FIGURE 1.8: HES systems using the TAB converter and Li-ion battery.

Therefore, it needs a normalized design method of the TAB converter in consid-
ering voltage variation of the battery and other elements in the HES applications.
Also, the suitable battery voltage balancing method is proposed to maximize the
capacity of the battery pack and correct the battery cell voltage for safety operation.

This dissertation proposes the design procedure for the TAB converter. The volt-

age level and variation, which are different in each application, are normalized in
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percentage. The complicated relationships between the elements of the TAB con-
verter are clarified. The limitation of inductances corresponding to the different
voltage variations is specified. The inductances are designed by considering the
operation range of the phase shift angles. Therefore, the proposed design method
can be applied in various rated power and voltage variation in many HES systems.
Additionally, the Li-ion battery pack, which is used in many HES systems, is con-
sisted of many cells connected in series and parallel to provide enough energy and
voltage. The unbalanced voltage between the cells in a battery pack results in capac-
ity loss and voltage error of the battery pack. Also, some cells may be overcharge
voltage, which is very critical for the Li-ion battery. It affects the safety of the HES
systems. Therefore, a cell balancing circuit is proposed in this dissertation for the
battery pack to improve protection over cell voltage during the TAB converter oper-

ation and maximize the battery pack capacity.

1.3 Dissertation Outline

This dissertation proposes a design procedure of the triple active bridge converter
and battery voltage balancing method for hybrid energy storage systems through
the following chapters.

Chapter 1 introduces the study background of HES systems. The typical HES
systems are introduced. The advantage of the HES systems is listed. Then, the tech-
nologies and challenges for realizing HES systems are described. The DC-DC con-
verter and energy storage are the key technologies in realizing HES systems. The

active bridge (TAB) converter, which is the next generation active bridge DC-DC
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converter, and Li-ion battery capacity are the techniques to develop HES systems.
Then, the target and outline of the dissertation are established.

Chapter 2 provides a literature review associated with this dissertation. Firstly,
the HES applications using the TAB converter are discussed. The advantages and
challenges of the TAB converter and Li-ion in each application are summarized. The
voltage variation characteristics of the Li-ion battery and other storages or renew-
able energies need to be considered in the design of the TAB converter. Also, the
usable capacity of the battery, which decides the usable capacity of the HES systems
and voltage variation of the TAB converter, need to be corrected. Secondly, the cur-
rent researches on the TAB converter are reviewed. The operation modes, control
methods, and power transmission of the TAB converter are summarized. Many con-
trol methods are discussed. However, it remains a discussion about the design of the
parameters of the TAB converters. The complicated relationship between parame-
ters as inductances with powers and phase shift angles under the voltage variation
is the remaining issue that needs to be solved. Thirdly, the capacity loss of Li-ion
battery, which causes by the imbalance cell voltage between Li-ion battery cells in a
battery pack, is revised based on the characteristics of the battery. The conventional
cell balancing methods are analyzed. The remaining issues of the balancing method
are summarized. Then, the remaining issues and research targets of this dissertation
are explained clearly at the end of chapter 2.

Chapter 3 proposes a normalized design procedure for the TAB converter in con-
sidering the voltage variation of two ports. The voltage variations and inductances

are normalized based on percentage, and the complicated relationships between the
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elements of the TAB converter are clarified. The limitation of inductances corre-
sponding to the different voltage variations is specified. The inductances are de-
signed by considering the phase shift angle operating range of the TAB converter.
Then, the proposed method is applied to design a system rated 400 V - 10 kW with
the voltage of primary and tertiary port varies from 85 % to 110 %. A prototype
converter rated at 200 V and 500 W is implemented to verify the proposed method.

Chapter 4 proposes a battery voltage balancing method for Li-ion battery pack in
HES systems. The configuration and operation principle of the proposed balancing
circuit is introduced. The open-circuit voltage (OCV), which is estimated based on
a battery model, is introduced to compensate for the effect of the balancing current
and load current to the terminal cell voltage. Therefore, all the cells can be balanced
at the average OCV. A balancing converter is designed for the proposed balancing
circuit to achieve high efficiency. An experimental balancing circuit is implemented
for twelve Li-ion cells in a battery module. The experimental results are shown to
verify the performance of the proposed battery balancing circuit.

Chapter 5 summaries the fulfillment of each chapter and the advantages of the
HES using the TAB converter. Furthermore, the related topics that should be further
studied are defined as future works.

Figure 1.9 shows a summarized view of the dissertation outline. Chapter 3 pro-
poses the design procedure of the TAB converter for the HES applications. Chapter

4 proposes the battery balancing circuit for the battery pack in HES systems.
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Chapter 1
Introduction
Chapter 2
Literature Review

v v

_ Chapter 3 Chapter 4
Proposing Design Procedure of Proposing Battery Voltage

Triple Active Bridge Balancing Method
(TAB) Converter

N

Chapter 5
Conclusions and Future Works

FIGURE 1.9: Dissertation outline.
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Chapter 2

Literature Review

Figure 2.1 shows the connection and names all the elements of the TAB converter.
ny is the turn ratio of the secondary port in comparison to the primary port of the
transformer. It is also similar to the tertiary port, which is shown as n3. The series
inductances, Ly, LY, and L} include the external inductance and leakage inductance
on each side. The phase leg midpoint voltages 1, u5, and uj have the amplitudes

Vi, V3, and V3, respectively.

FIGURE 2.1: Triple-active-bridge (TAB) converter circuit.

The TAB converter has many working operation modes, as shown in Figure 2.2
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j Port 2 Port 2 Port 2
Port 1 Port 1 Port 1 ‘
Port 3 _|-> Port 3 Port 3
Mode 1-1 Mode 1-2 Mode 1-3
Port 2 Port 2 Port 2
Port 1 <—| Port 1 <—L Port 1 '
Port 3 Port 3 Port 3
Mode 1-4 Mode 1-5 Mode 1-6
(@)
Port 2 J Port 2 Port 2
Port 1 Port 1 ‘ Port 1 _L !
Port 3 Port 3 Port 3
Mode 2-1 Mode 2-2 Mode 2-3
(b)
Port 2 ‘_|’ Port 2 Port 2
Port 1 Port 1 ' Port 1 ‘—L
Port 3 Port 3 Port 3
Mode 3-1 Mode 3-2 Mode 3-3

(©

FIGURE 2.2: Operation modes of TAB converter: (a) Single input sin-
gle output (SISO), (b) Dual input single output (DISO), (c) Single in-

put dual output (SIDO).
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[33]. It can be categorized into three groups. The single input single output (SISO)
modes when the power comes from one port to another while the third port does
not get power. The dual input single output (DISO) modes, which supplies power
to one port from the other two ports. The single input dual output (SIDO) modes
when power from one port is supplied to the two other ports. This shows the flexible

power transmission ability of the TAB converter.

2.1 Characteristics and Requirements of HES Systems using

the TAB Converter

Because there is an increase in the number and types of microgrids [34]-[35], the TAB
converter is proposed to develop micro-grid systems, as shown in [36]-[39]. An un-
interruptible power supply (UPS), which uses a battery to support the source in
the worst-case scenario, is a suitable application for the TAB converter [40]-[42].
The TAB converter was discussed as an important part that can improve the reli-
ability of the distribution system in the data center [46]-[48]. The proposed system
in EVs applications is discussed in [50]-[54]. Also, many new applications such as
all electrical ships, and autonomous underwater vehicles are replacing other energy

systems with electricity.

2.1.1 Microgrids

A microgrid is an integrated system that combines sources, storage systems, and
loads [34]-[35]. The DC household electrical system is discussed in [35]. The DC

bus Microgrid systems using TAB converter were discussed in [36]-[39], as shown in
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Figure 2.3. It shows that the system using the TAB converter can reduce the required
number of DC-DC converters and communication lines. Consequently, the cost of
the system is reduced.. The rapidly increasing use of EVs will bring much change in
household electrical systems in the future. The EVs or storage can be charged from
the grid or directly from the rooftop PV. In addition, EVs have a high-power battery,
which can be a storage and support system for the household load or grid [15]. By
using the TAB converter, the DC bus microgrid system becomes more flexible in

setup and more optional in operation, which are advantages.

DC bus microgrid

FIGURE 2.3: DC bus microgrid system uses the TAB converter.

An autonomous DC microgrid using the TAB converter is proposed in [37]-[39],
as shown in Figure 2.4. One port of the TAB converter is connected to one element,
and the remaining two ports are connected to the autonomous DC microgrid to con-
trol the power and voltage. The TAB converter can change the control target to keep
a constant voltage and current for the different load or source depending on the sys-
tem’s condition. The transformers of the TAB converters isolate all the parts of the
microgrid. Therefore, if one element has an error; other elements still work well.

Also, the system is easy to extend at any time. The DC/AC converter can be added
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to a port that connects to an AC load or source. This idea can be applied to the tradi-
tional microgrid system when some elements are used to improve reliability. In the
future microgrid system, the TAB converter is a promising circuit when combining

two above systems.

TAB converter

- DC/AC converter

Autonomous
DC microgrid

AC grid

FIGURE 2.4: TAB converter for an autonomous DC microgrid system.

2.1.2 Uninterrupted Power Supply Systems

The TAB converter was proposed for the uninterrupted power supply (UPS) systems
[40, 41], as shown in Figure 2.5. The power source, load, and battery are connected
using one TAB converter as discussed in [40, 41], where the power source and electric
load may require frequency isolation of 50 Hz and 60 Hz, respectively. The system
operates typically in the mode 1-1. However, all remaining modes can be used in
an abnormal situation. By using a TAB converter with a three-winding transformer,
the safety of the system is improved. The operation of the system is flexible with

simple control.
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T

FIGURE 2.5: TAB converter in UPS application.

A UPS system powered by a fuel cell is proposed by using a TAB converter
in [42]-[44]. The system is flexible and can work on grid-connected or stand-alone
modes. The fuel cells have a slow transient response, which is a drawback. The su-
percapacitor can be used as storage to support the fuel cells to respond quickly in
transient time. Depending on the load and the status of the supercapacitor and fuel
cell, it may operate in different modes. This could be discussed more in the future.
For high power applications, multiple TAB converter can be used. One port, which
can be connected in series for high voltage application, can be connected in parallel
for the three-phase TAB converter can also be used. This shows that the TAB con-
verter is an excellent selection for these proposed systems where all operation modes

are achieved by one converter.

2.1.3 Power Distribution for Data Center

The reliability of the distribution systems for data centers is one of the most critical
points. Interruptions of power systems in the data center have a high cost of millions
of dollars an hour [45]. Therefore, the TAB converter was proposed to improve the

reliability and availability of power distribution of data centers in [46]-[48], as shown
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in Figure 2.6. This system can operate as a UPS system to prevent power faults in
the data center’s distribution systems. The number of converters can be reduced
by sharing a battery between two distribution lines. Consequently, using the TAB
converter can reduce the cost of the system. Furthermore, two distribution lines can
support each other in a critical situation. Therefore, all operation modes of the TAB
converter can be used in this application, which maximizes the advantages of the

TAB converter.

AC source 1
AC IT load
C DC ol group 1

AC source 2
IT load
group 2

FIGURE 2.6: TAB converter in power distribution for data center ap-
plication.

2.1.4 Electric Vehicles

Electric vehicles (EVs) normally have a high voltage (HV) battery of 300 V-400 V and
a low voltage (LV) battery of 14 V [49]. The HV battery supplies the main power for
the motor. The LV battery supplies power for other facilities such as the fan, light,
wiper, radio, and others. The on-board charger is implemented in EVs to charge
the EVs at home with a power range of 3—6 kW. Therefore, the DC-DC converter

and charger are combined using the TAB converter, as shown in Figure 2.7 [50]-[52].
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The port-1 is connected to the main battery. The port-2 is connected to the low volt-
age battery. The port-3 is connected to the DC source after the rectifier from the AC
grid. The two DC-DC converters in the conventional system are combined by us-
ing one TAB converter. This reduces the components, size, and cost of the system.
However, the idling isolation of the charger port is a challenge in this application.
Therefore, the combined voltage duty cycles and two-phase shift angles method is
proposed for this condition to reduce the peak and root mean square (RMS) cur-
rent [50]-[54]. It shows that this method can be applied in other applications that

have a similar critical condition.

LV battery

HV battery -
300~400V % Pl ::T —

I Port3 |
-

B 15’}

FIGURE 2.7: TAB converter for electric vehicles (EVs) application as
an integrated on-board charger and DC-DC converter.

The 42 V bus for EVs was discussed in [54] to increase the power for HEVs.
Therefore, the electrical system may have three voltage levels (14 V / 42V / 400 V).
The TAB converter has many advantages for this system because it separates voltage
levels using one converter with a three-winding transformer, as shown in Figure 2.8.
The power can be supplied from three storage systems adequately during start-up
or regular running. It shows that all the operation modes of the TAB converter can

be applied in this application to maximize the power and lifetime of the system.
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FIGURE 2.8: DC-DC converter in EVs application using the TAB con-
verter.

2.1.5 More Electric Aircraft

Besides electric vehicles, the more electric aircraft (MEA) has been widely researched
and discussed to reduce CO2 emissions in the world [56]-[57]. The electrical system
in MEA requires improved efficiency, reliability, and reduced implementation costs.
The electrical system usually uses a 230 V AC voltage and two DC voltages, of 270
V and 28 V. The auxiliary power unit (APU) is used to supply power when the MEA
is on the ground. It can use a battery and fuel cell system of 270 V or 540 V [57]-[59].
The battery can also be used for emergencies, to store energy in low load conditions,
and support in heavy load conditions. Therefore, the TAB is proposed to regulate
power flow in MEAs in [60], as shown in Figure 2.9. Two DC voltages and APU are
connected and supported by one TAB converter and a centralized control system.
Using the TAB converter is advantageous because the power between three ele-
ments always works together to achieve the high safety and reliability of this appli-
cation. However, high current and high power design and control are the challenges

of this application. More research and verification should be discussed in detail in
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FIGURE 2.9: TAB converter in more electric aircraft application.

2.1.6 Autonomous Underwater Vehicle

The autonomous underwater vehicle (AUV) is spread widely in recent years [61]-
[63]. The size and weight of the AUV are limited, and the data can be corrected if
the AUV can work for a long time. Therefore, the power system of the AUV is a
challenge. The Lithium-ion battery is used for AUV because of its high power den-
sity [61]. The fuel cell system for AUV is discussed to extend their working time [62].
The integrated fuel cell and battery systems for AUV have been discussed in recent
times [63]. This can achieve a higher power density, which reduces the number of

the batteries and increases the power for the AUV. With the many advantages in the
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integrated power system, the TAB converter is a promising candidate for this appli-
cation. A TAB converter can be connected directly between the motor driver (M),

fuel cell, and battery, as shown in Figure 2.10. It can use a 48 V battery with a capac-

Fuel cell

CH

TAB converter Battery

FIGURE 2.10: Autonomous underwater (AUVs) vehicles using the
TAB converter.

ity of 34 Ah for a small AUV [63]. A fuel cell can install a 48 V system. The converter
operates at 1 to 3 kW. However, this application requires high efficiency and small
size. To realize a large power AUV system, the system can be implemented with an

optimal design of the TAB converter, depending on the battery and fuel cell system.

2.1.7 All-Electric Ships

All-electric ships (AESs) are developed to improve the efficiency of energy in the
ships [64]-[65]. The advantages of MVDC distribution for all-electric ships (AESs)
were discussed in [66]. By using MVDC (1-8 kV) distribution, the motor is not con-
nected to a fixed-frequency system and can be designed and operated to maximize
efficiency. The advantage of the battery energy storage system (BESS) for the ship
was discussed in [67]. Therefore, the electrical ship is a promising application of the
TAB converter in the future, as shown in Figure 2.11. The battery and supercapacitor
can be charged by regenerative energy in the light load condition, and then used for

the heavy load condition. It stabilizes the voltage and current of the electrical grid
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FIGURE 2.11: Proposed TAB converter for future all-electric ships.
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in the ship. Additionally, the battery and supercapacitor are useful auxiliary power
systems for rapid-starting in booster or electric-motor modes. Depending on the size
and type of ship, the power system may range from 500 kW to several megawatts.
The storage capacity can be selected depending on the control strategy and imple-
mented by the 400 V level. The TAB converter for AESs application may work at

several hundred kW, which is challenged by the high voltage high power design.

2.1.8 Summary of Characteristic and Requirements for the TAB Converter

Li-ion Battery

This subsection gives a summary of current and potential future HES systems using
the TAB converter. The advantage and challenges of each application are summa-

rized, as shown in Table 2.1. For each application, the TAB converter contributes
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to the different targets to develop conventional systems. There are also different
challenges in each application, which also need more development in the future. It
shows that some applications use all operation modes such as microgrid, distribu-
tion systems for data center, electric vehicles, and more electric aircraft. The TAB
converter is a good selection because of saving cost and improving reliability. Some
applications do not use all operation modes. However, by using the TAB converter,

it not only reduces the component but also extends the functionality of the system.
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TABLE 2.1: Characteristics of the HES Applications using the TAB Converter.

Application Meaning of the Challenges Operation Modes Suggest/Note
TAB Converter Normal Abnormal Do Not Use
DC-bus  micro- Reducing t}}e. componen.ts and Variatio.n voltage from variation 1112 3 13 16 2~ 14 1.5 16, 2- N
id (Figure 2.3) cost; centralizing control in each  connection to each house hold L 9.9.3; 1.32:3.3: By combining two
Tl . s 7 &7, 7 I7L, 979, .
& & household; system; ideas, the TAB can
Autonomous E to b tended . Still large number of converter dez‘velop _t;le future
asy to be extended or main-
microgrid  (Fig- . Y . complex control of the system All N/A No micro grid system.
tained any time;
ure 2.4) level;
UPS with AC . o :
. Improving safety and reliability; . Remain
source (Fig- . . Fast transient response strategy;  1-1; No; N/A
flexible operation; modes;
ure 2.5)
Data center 1 Reducing the components, cost, Stability and accuracy of the sys-
. . . No All No N/A
(Figure 2.6) and size; balancing two loads; tem;
EVs 1 (Figure 2.7) Redu.ce the components, cost, Virtually. isolating the AC 1-1;1-3; 1- 1-4; 2-1; 2- 1-2;1-6;2-3; 3- N/A
and size of the system; charger side; 5; 3-3; 2; 1;3-2;
EVs 2 (Fi 28) Optimal transmission power of 1-1; 1-2; 1-  1-3; 1-4; 1- N N/A
s 2 (Figure 2. o
& each element; 6; 3-1; 5; 2-1; 2-2;
A . s Increase voltage of
More Electric Air- Improving the reliability of the . .
. High current and power design;  All No No the system to reduce
craft (Figure 2.9)  system; .
operating current;
AUV [proposed] Central power control by only High efficiency and high power 1-4; 1-5; 1- 1-2; 2-1; 2-  1-1;1-3;2-2; 3- N/A
(Figure 2.10) one converter; density; 6; 3;3-2; 1; 3-3;
Connecting  many
AES | d] DC grid for ship to maximize High voltage (1-8 kV) and high  1-1; 1-2; 1-  1-3; 1-6; 2- TAB converter in
ropose
(Fi 1;)111:; the advantages; central power power 500 kW-MW design and 4; 1-5; 2-1; 2; 2-3; 3-2; No module for very high
igure 2.
& control by only one converter; measurement; 3-1; 3-3 power and voltage

application;
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2.2 Current Status of Triple Active Bridge Converter

2.21 Converter Structure and the Variation of Topology

Other configurations, which can connect multiple single-phase TAB converters, can
also be applied to interconnect MVDC and LVDC, as shown in Figure 2.12 [68, 69,
70]. It can connect two ports in series and one port in parallel to connect two MVDC
grids and one LVDC grid, as shown in Figure 2.12a. Figure 2.12b shows the system
which connects one port in series and two ports in parallel to connect one MVDC
grid and two LVDC grids. The number of modules is selected depending on the

available semiconductor devices and operating voltage.

T O T T TR
| e | e
LR ], S|
LTPTI TP aT
el I3

LVDC 380 V LVDC 380 V

(@ (b)
FIGURE 2.12: Multiple TAB converter for high voltage high power
application: (a) two ports in series, one port in parallel; (b) one port
in series, two ports in parallel.

In addition, a three-phase TAB converter is proposed for high power application
by adding one switching leg to each inverter [71], as shown in Figure 2.13. Each
phase of the three-phase TAB converter can be modeled as a single-phase TAB con-

verter [71]-[76].
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FIGURE 2.13: Three-phase TAB converter.

2.2.2 Power transmission

The primary-referred inductances and voltages are then used for the power calcula-

tion [54]. The power of each port is formulated in the equations below.

_ ViVaga(m — |@2|) L3 + ViVags(m — | gs3]) o)
27T2f(L1L2 + LyL3 + L3L1)

P 2.1)

_ VaVi(=¢2)(m — |92|)Ls + VaV3(93 — 92) (7T — |93 — ¢2[) L1

P
2 27T2f(L1L2 + LoL3+ L3L1)

(2.2)

p. —  V3Vi(=@s) (7 —[gs]) Lo + VaVa (2 — ¢3) (7 — 92 — ¢3]) L 23)
> 22 f(L1Ly + LyLs + LsLy) '

Where f denotes the switching frequency, and P;, P>, and P; are the transmission
power of the primary, secondary, and tertiary sides, respectively.

For I,,» and Ip3 are the output currents of the secondary port and tertiary port.
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Where [,o=P,/V,, I;3=P3/V3. By using sinusoidal approximation and linear ap-

proximation, the linear model of converter is shown as the following.

4L,

Ip2 o 7'[35;[[1‘3514171 Vl + n;;li‘lsum V3 B 7T3fLsum V3 q)z (2 4)
L ~ =V e Vit s V2 3
_ 2.5)

Where Lgyn = (LyL2 + LoLs + L3L1). It shows that, the phase shift can control

the amount and direction of the power.

2.2.3 Control Method

The equation (2.4) and (2.4) show the interaction from ¢, and @3 to I,» and I3. The
interference can be eliminated via a compensation network by decoupling matrix
[D] is implemented in the controller. With u, and u3 are the output of the controllers

as shown in Figure 2.14.

§02 D11 D]2 us
_ (2.6)
@3 D21 D22 us
-1
Dl =T fu T 1 2 =T 2.7
[ ]_[ ] - o T11T22—T12T21 ( ' )
Ty Txn Tz Tn

From the above equation, the decoupling matrix is implemented into the control
loop to remove the interference among the ports [39, 54, 55] The current control loops

for TAB converter are designed as the following.
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FIGURE 2.14: Decoupling current control loop.

Therefore, the power transmission ability of each port can be controlled by two-
phase shift angles, ¢, and @3, as shown in Figure 2.15a. The phase shift angles
between u1, uy, and uz decide amplitude and direction of the transmission power
among the three ports [37, 38, 39]. Besides, the combined duty cycles and two-phase
shift angles methods were discussed to improve the efficiency of the TAB converter,
as shown in Figure 2.15b [52, 53, 54, 44]. 41, 62, and 63 are duty cycle variations of u;,
up, and u3, respectively. This technique can extend the soft switching at light load,
but it reduces the power transmission ability of the converter [44]. Furthermore,
upon adding more variables to the system, the control system, and calculation of the
controller become more complex. Therefore, the two-phase shift angles method is
widely used for controlling the TAB converter in many applications. The combined
duty cycle and two-phase shift angles method can be considered for applications

that usually operate under light load condition.
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FIGURE 2.15: Control methods of the TAB converter.

2.3 Capacity Loss and Battery Voltage Balancing Methods

2.3.1 Why does Capacity Loss Happen?

Lithium-Ion (Li-Ion) batteries have become increasingly important in many applica-

tions due to high power and energy density. Figure 2.16 shows the SOC-OCV curve

of a Li-ion battery cell. Each cell of Li-ion battery has small voltage as 2.5 V - 4.2 V.

Therefore, a battery pack typically is composed of many cells connected in series and

in parallel to supply sufficient power as required voltage and capacity by the spec-

ifications, as shown in Figure 2.17. In a battery pack, each cell may have different

characteristics and capacities due to variances in assembly or manufacturing pro-

cesses. As the charge and discharge processes repeat, the unbalance of the charges

in the cells increases as shown in Figure 2.18.
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FIGURE 2.16: Voltage and state of charge of one lithium-ion battery
cell.

If the unbalance issue is not recognized and solved, the weakest cell undergoes
over-discharge and undercharge and eventually reaches failure. In the meanwhile,
the normal cell may experience overcharge because the charge operation continues
until the string voltage reaches the nominal value. In case of Li-lon batteries, it
is extremely important not to exceed the maximum voltage during charging since
this accelerates the formation of a Solid Electrolyte Interface (SEI) film on the nega-
tive electrode which further accelerates the aging of the battery [77]-[78]. The over
voltage of li-ion can make a fire. Also, the capacity of the battery pack is reduced
during each charge or discharge cycle. Therefore, the cell balancing circuit is crucial
to achieve cell voltages that are the same to extend the life cycle and capacity of the

battery pack [79].
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FIGURE 2.17: Many battery cells are connected in series and parallel
in a battery pack.
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FIGURE 2.18: Unbalance of the battery cell in a pack.

2.3.2 Battery Voltage Balancing Methods

Various kinds of cell balancing topologies have been discussed to cope with unbal-
anced problems [80]-[104]. They are divided in two types, passive balancing meth-
ods and active balancing methods. The passive balancing methods use resistors to
discharge the highly charged cells [80]-[82]. The advantages of passive balancing in-

clude low cost and easy implementation. The passive methods that use resistors to
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discharge the overcharged cells are useful for lead-acid batteries and Ni-MH batter-
ies. However, it is unfavorable in that the power is only dissipated by converting it
into heat and heat dissipation becomes another concern. In the case of a lithium-ion
battery, it is well known that the life cycle can become shorter and that it can cause a
fire [83]-[84]. Therefore, active balancing methods are preferred since they can trans-
fer power from a cell with a higher charge to a cell with a lower charge to save the
energy and to protect the batteries.
Many kinds of active balancing methods are under researched [85]-[104]. These
methods are often divided into four types: pack-to-cell, cell-to-pack, cell-to-pack-to-
cell, and cell-to-cell methods Figure 2.20. A comparison of the balancing methods
in terms of component count and characteristics is shown in Table 2.2. The pack-to-
cell balancing methods are outstanding in terms of balancing speed when a cell is
less charged than others, and the others are all balanced [85]-[88]. However, if one
cell has a higher charge than those of the others, it takes a longer time to balance
the battery module since the battery module needs to be discharged first. Then all
of the other cells have to be charged again one by one. The cell-to-pack method can
be implemented by using a transformer or multiple transformers. The cell-to-pack
balancing methods have a very low speed when one cell has a lower charge than the
others [89]-[91]. Also, the two methods require a lot of bidirectional switches and
gate drivers, it is high in cost and low in balancing speed.

The cell-to-pack-to-cell balancing methods were proposed to provide a solution
to these problems by combining the advantages of the other two methods [92]-[93].

However, two converters are required in this method and the voltage stress of the
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FIGURE 2.19: Simple model of active balancing methods. (a) pack-
to-cell, (b) cell-to-pack, (c) cell-to-pack-to-cell method, (d) adjacent
cell-to-cell, (e) direct cell-to-cell.

switch is very large. In addition, energy is transferred from a cell with higher charge
to the pack. Then it is transferred from the pack to a cell with lower charge. Since
it requires two energy transfer processes to balance the cells, the efficiency of these
methods is not good due to the losses associated with the energy transfer. However,
it still needs a lot of photo-couplers to drive the bidirectional switches and two DC-
DC converters, it is complex and expensive to implement.

The cell-to-cell balancing methods show a fair performance when compared to the

above methods. There are several topologies developed based on the cell-to-cell
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FIGURE 2.20: conventional direct cell-to-cell methods. (a) single in-
ductor, (b) single capacitor, (c) LC resonant.

balancing method. They include two kinds of method as the adjacent cell-to-cell
methods and the direct cell-to-cell methods. The adjacent cell-to-cell method trans-
fers the charge between two adjacent cells through the capacitors, the inductors, or
a combination of the two as a resonant tank [94]-[101]. The methods require a lot of
passive components such as inductors and capacitors. The switches are driven using
pulse transformers, photo-couplers, or gate driver and power supply. Therefore, the
methods is high in cost and complex in implementation. they exhibit low efficiency
in a battery pack due to the fact that the energy needs to be transferred into several
adjacent cells.

The direct cell-to-cell method is developed to transfer the charge directly from
any cell to any cell to get high efficiency. In this method, because the single switched
capacitor [102] or single switched inductor [103] is used as a media for the charge
transfer, the method is easier to implement but the charge and discharge are pro-

cessed separately each half cycle with hard-switching. The cell-to-cell LC resonant
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topology in [104] can achieve higher efficiency due to the soft-switching operation.
However, the charge and discharge are still processed separately each half cycle.
The large number of switches and gate drivers are still required to implement the
bidirectional switches.

In summary, each above method or typology has the different advantages and
remaining issues. It is clear that most of the balancing methods require lots of photo-
couplers or pulse transformers to drive the switches. It is high cost and complexity
in the implementation. In addition, faster balancing can help the battery pack utilize
the capacity. Also, higher efficiency result lower hit and smaller cooling system.
Therefore, the balancing circuit need to be improve for more simple design, higher-

balancing speed and efficiency.

2.4 Remaining Issues and Research Target

Hybrid energy storage (HES) systems using the TAB converter, which connect stor-
age with grid /bus, and/or different types of renewable energies, have bee summa-
rized. The advantage and challenges of each application are summarized, as shown
in Table 2.1. For each application, the TAB converter contributes to the different tar-
gets to develop conventional systems. The power control of the TAB converter for
the HES systems is setup based on the voltage and current at each port terminal.
There are many type of the storage with different voltage variation. Also, the bat-
tery pack of each HES system has a different voltage level. Therefore, the voltage
variation need to be considered in the design of the TAB converter.

Also, lithium-ion battery pack, which is used in many HES systems, is consisted
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of many cells connected in series and parallel to provide enough energy and volt-
age. The unbalanced voltage between the cells in a battery pack reduce the safety
and usable capacity of the battery pack. Also, some cells may be overcharge volt-
age, which is very critical for the lithium-ion battery. It affects the safety of the HES
system. In order to apply the TAB converter effectively, the balancing circuit is pro-
posed for HES systems. Many balancing method and typologies are summarised,
as shown in Table 2.2. However, almost active methods is complexity and high cost

in implementation and control.
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TABLE 2.2: Summary of the conventional balancing methods.
Balancing Component counts
method Characteristics
Switch | Photo- Diode Ind.| Cap.| Trans
coupler/
pulse
Trans.
Cell-to-pack 2N 2N 2N- | 0 0 m Requires many steps to
2 balance causing a slow
balancing speed, espe-
cially for the low volt-
age cells.

Pack-to-cell 2N* 2N m+l | 0 0 m+1 | Requires many steps to
balance causing a slow
balancing speed, espe-
cially for the high volt-
age cells.

Cell-to-pack-to- 2N* 2N 2 0 0 2 Faster than the cell-to-

cell pack and pack-to-cell
methods, but still takes
a long time to balance
the cells.

Adjacent | Switched | 4N 4N 0 0 N 0 The charge is trans-

cell-to- Cap. ferred many cells.

cell

Improved | N+2* | N+2 0 0 N+1| 0
switched

Cap.

Switched | 2N 2N 0 N 0 0
inductor

Quasi- 2N 2N 0 2N | N 0
resonant

Direct Single N+1* | N+1 0 0 1 0 The charge and dis-

cell-to- Cap. charge are processed

cell separately in  half
switching cycle.
Single 2N 2N 2N 1 0 0
Ind.
LC reso- | N+10* | N+10 0 1 1 0
nant

N: number of cells, m: number of module, *: bidirectional switch, Ind.: inductor,
Cap.: capacitor, Trans.: transformer
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Chapter 3

Design Procedure of Triple Active

Bridge Converter

This chapter proposes a design procedure for the TAB converter. The voltage vari-
ations and inductances are normalized based on percentage, and the complicated
relationships between the elements of the TAB converter are clarified [105]-[106].
The limitation of inductances corresponding to the different voltage variations is
specified. The inductances are designed by considering the operation range of the
phase shift angles. The design procedure is applied to design the TAB converter
for a household renewable energy system rated at 400 V and 10 kW. A prototype
converter rated at 200 V and 500 W is implemented to verify the proposed method.
The experimental phase shift angles are close to the calculated values. Then, the
TAB converter can operate under the rated power for all operation modes. It indi-
cates that the proposed method can be applied for the design of the TAB converter

in various applications.
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3.1 Parameters and Normalization

3.1.1 Primary-referred Parameters

Figure 3.1 shows the connection of the TAB converter to three main parts of the
household renewable energy system. The rooftop PV is connected to the primary
side. The secondary side connects to the DC grid and load. The EVs is connected to

the tertiary side of the TAB converter.

A

Sljé §1Jé} |

I
BubE A *
== N 1
n||3 | N

Sljﬁ Sle‘}

DC bus

\

—— —— 1
! 4 ‘\ 52
Vi1 = N ns =
: uf \\_ @2

EV|/storage
- S3
S} S

FIGURE 3.1: TAB converter for household renewable energy system.

As shown in Figure 3.1, n; is the turn ratio of the secondary side compared to
the primary side of the transformer. It is also similar to the tertiary side, which is
shown as n3. The series inductances, L;, L}, and L} include the external inductance
and leakage inductance on each side. The phase leg midpoint voltages u1, u5, and
u} have the amplitudes V3, V;, and Vj, respectively.

The direction and amplitude of each port’s power are controlled by the phase
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shift between the gate signals of the ports. Thus, the gate signal of the primary port
keeps the phase shift angle at zero, whereas the phase shift angle of the gate signal
on the secondary side, ¢,, and the tertiary side, ¢3, are changed.

Figure 3.2 shows Y-type and A-type equivalent circuits of the TAB converter, re-
spectively [54]. The voltages and currents of the secondary side and tertiary side

refer to the port-1 as the following equation.

il Ll

Ug L3

i2 I—2 Us

Uz

(@) (b)

FIGURE 3.2: Primary-referred model of the TAB converter. (a) Y-
type primary-referred equivalent circuit, (b) A-type primary-referred
equivalent circuit.

!
Uy = Uy /1y
!
Uz = uz/ns 61)
3.1
iz = l'/znz
. J
I3 = I3N3
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where u; and u3 are the primary-referred voltages, and i, and i3 are the primary-

referred currents, respectively. Thus, it has the following equation.

Ly =L,/n3
L3 = Lg/l’lg
(3.2)
Vo=V /ny
V3 = V3/n3

where L, and L3 are primary-referred inductances, and V, and V3 are primary-
referred voltage amplitudes, respectively.
The primary-referred inductances and voltages are then used for the power cal-

culation. The power of each port is formulated in the equations below.

_ ViVaga (7 — |@2|) L3 + V1 V3@3(7 — |¢3]) L2)

h 272f(Li Lz + LaLs + LaLy) 3.3)
p, — V2Vi(=¢2) (7 — |g2]) Ls + VaV3(3 — ¢2) (7 — 93 — 92| ) L (3.4)
2 272f(LiLy + LyLs + LsLy) ‘
_ VsVa(—g3)( — |@3]) L2 + V5Va(92 — ¢3) (T — |@2 — @3] ) L1
P, = (3.5)

27T2f(L1L2 + LoL3 + L3L1)

Where f denotes the switching frequency, and P;, P,, and P; are the transmission

power of the primary, secondary, and tertiary sides, respectively.

3.1.2 Normalized Parameters

The normalization method is proposed to The normalization method is proposed to
design the inductances of the TAB converter. The inductance, voltages, and power

of the converter are standardized based on the rated values. The voltage variations
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and power transmission are normalized in terms of percentage. The inductances are
then calculated based on the percentage of the rated equivalent inductance, which
can be used to design the TAB converter for many different voltages and power

ratings in other applications.

uy N Leg

FIGURE 3.3: Simple equivalent circuit of TAB converter.

Figure 3.3 shows an equivalent circuit for a TAB converter. It includes a source
up and inductance L.;. where L., is the rated equivalent inductance, which is repre-
sented as the total load of the converter. Voltage u; has the amplitude as V;. For Z,,
is rated equivalent impedance of the equivalent circuit. For Z.; = 271fL,y, it has the
following.

Zog = -2 (3.6)

Where P, is the rated power. Therefore, the relationships among the rated power,
voltage, rated equivalent current i,;, and rated equivalent inductance L., are shown

in the following equation.

V2
Ly, = 2 3.7
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. %) o 1%
leg = Z—eq = WLy (3.8)

For the tertiary voltage, V3 varies from the minimum voltage V3., to the maxi-
mum voltage V3,,4,. It has a relationship with the rated voltage through the follow-

ing equations.

1%
Vo, = 100—  [%] (3.9)
%]
V;
Vie, = 100—  [%] (3.10)
Va

where Vjo, and V39, are the voltage of the primary side and tertiary side in percent-

age, respectively. It has the following relationship.

V;
Vie, = 100—my  [%] (3.11)

VZ

Vi ny
Vao, = 100—=—= [% 3.12
3/0 Vz/ n3 [ ] ( )

For the sake of simplicity of the calculation, the primary-referred inductances,
L1, Ly, or Ls, are simplified as the same. If the primary-referred inductances are
different, the proposed method can be used. The detailed explanation will be shown

in the next section.

Li=Ly=L3= (3.13)

L
Lo, = 100—  [%)] (3.14)
Leg
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where Lo, is the normalized inductance, which is a percentage of the primary-
referenced inductance to the rated equivalent inductance. The normalized induc-
tance can be designed based on the voltage variations and phase shift of the operat-

ing area.

3.2 Design of Inductances in the TAB Converter

3.2.1 Inductance Calculation

This section describes the normalized inductance calculation when the voltages of
the primary and tertiary ports vary. It is considered for Vo > Vi,iy > Vapin. Thus,
Py = P, and P; = —P,, where P, = 0 is the most critical operation point because
the phase shift of the tertiary port ¢3 is at maximum, as shown in Figure 3.4. Fig-
ure 3.4(a) shows the phase shift operating area when voltage of three port are 100%.
The phase shift angle of the design point is moved in considering the variation volt-
age as shown in Figure 3.4(b).

This is discussed for the range of phase shift in ¢, and ¢3 from zero to 77/2.
The powers change the direction within the range of phase shift from —7/2 to zero.

First, it is necessary to satisfy the following equation for P, = 0.

VaVi(=@,) (1= |@a|) +V2Va(93—,) (T—[@3—¢2|) =0 (3.15)

or

Vi (@2) (1= |92]) = Va(p3—@,) (T—|@3—¢2]) (3.16)

Using the sinusoidal and linear approximation, the following is derived.
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N|=l\\.

— — T
- T 0 "
2 4 p,lrad]
(b)

FIGURE 3.4: Calculation of inductance in considering the critical op-
eration point. (a) voltage of three port are 100%, (b) voltage of one
port is 80%
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8
92 (7= [g2]) = —¢2 (3.17)

8
)= (p3—g)) (318)

(P3—@,) (T~ |p3—¢2

where 0 <¢<7 and 0 <@3—¢,<7. From (3.16)—(3.18), the following can be approx-

imated:
Vigr = Va(pz—¢,) (3.19)
or
P2 = V:fvs 3 (3.20)

This indicates that the voltage variation effects the relationship between ¢, and
@3. Applying the condition P, = 0 by (3.20) to the equation of power of the primary

port P, the following equation is derived:

Vo 9a (= p iy 93) + Vi Vags (- 3)
a 6m2fL

(3.21)

where P is replaced by P; as the transmission power. Then it has the following.

ViVags V3 Vi o\’ Vs _ V3
P, = - - 22
t 67T2fL Vi+V3 T Vi+V; 93t V2 & 1%} s (5-22)
or

A% V3 V3

P = —
f 67T2qu03{(V1+V3+V2>7T
2

(vim) 7
Vi+V; Va

4’3} (3.23)
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Using V9, and V3o, for the above equation, it has the following.

V2 Vi Vs  Vao
Vi 21/ 93 3% V3 o
100 6721 P, Vigy+ Vo, 100

V39, 2 Vs,
_ 3.24
(V1%+V3%> 00 | 72 (3.24)
or
V2 V4o, Vao,
— 2 1%73% @3 (Amr—Bg3) (3.25)

~ 100 672D

where A and B are calculated as the following.

_ 1
A= yov (3.26)

Va9, 1

e
(Vigy+Vay,)* 100

From (3.7), (3.14), and (3.24)-(3.26), the relationship between the normalized in-

ductance and phase shift of the tertiary port at the rated power (P; = P;) is shown in

the following.

V19, V3o,

Lo =
i 37

@3 (A T— B§03) [0/0] (327)

The solution to (3.27) shows the relationship between the normalized inductance,
phase shift, and voltage variations. Figure 3.5 demonstrates the limitation of induc-
tance Lo, corresponding to different voltage variations according to (3.27), where
the phase shift is at maximum as @3 = 71/2. The secondary and tertiary sides’ volt-
ages are drawn from 70% to 120% depending on the application. This indicates that
the limitation of the inductance is specified for different voltage variations.

According to (3.27), by determining the maximum phase shift operation, the in-

ductance is designed directly depending on the voltage variations of the application.
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FIGURE 3.5: Limitation of normalized inductance Lo, correspond-
ing to different voltage variations Vi9, and Vjo,.

For an application in which the voltages of the three ports are the same as follows.
100
Loy, = — - % 2
%= 105 93 (671=5¢3) %] (3.28)

It can also be applied to an application that has one voltage variation. For exam-
ple, only the tertiary voltage has a variation, and thus the normalization is calculated

as follows.

100
L% = 3_7'CV3%(P3 (A7'L'—B(P3) [O/o] (329)
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3.2.2 Transmission Power and Current of Inductance

Transmission Power

In the operation of the TAB converter, the transmission power P; changes depending

on the voltage variations and phase shift angles.

P
Py, = 100# [%] (3.30)

7

where Py, is the normalized power, which is the percentage of the transmis-
sion and rated power. The relationship between inductance, voltage variations, and

power is as follows:

V19 V39
Lo, = 100 ——= Am—B % 31
n =100~ #3 (AT=Bos)  [%] (3.31)

The transmission power can be viewed as depending on the voltage variations

at the designed inductance through the following.

_ ann V1% V3% B 0
Py = 100727 g5 (Arc—Bys) (%] (3.32)

Current of Inductance

The current of the inductance is analyzed for mode 1-2 that is one of the most critical

condition. It can be applied as the same for other conditions. Based on the A-type
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primary-referred equivalent circuit Figure 3.2, the instant value of inductance cur-

rents in the steady state condition iy, 713, i23 are as follows.

i2 (@) = 529 +112(0)

i3 (@) = 59 +113 (0) (3.33)

Up—us

i3 (¢) = 259 +1i23(0)

where i12(0), 713(0), and i3(0) are the value of the each inductance current at
beginning switching cycles in steady state operation, respectively. ¢ are the phase at
the calculation point.

0 = wi (3.34)

and w is angular frequency, which is defined as follow.

w =27f (3.35)

It is considered for the condition 0 < ¢, < @3 < 7/2. The analysis for the
other conditions can be applied similarly. Figure 3.6 shows the simulation voltage
and current waveform of this condition. In one switching cycle, it is defined by six
states from 0 to 27t. The value from 7t to 277 is the negative of the value from 0 to 7.
Therefore, the currents are analyzed in three states I, II, and III. Because u1, up, and
u3 are square voltage as &= primary-referred voltage of each port, the instant value

of currents can be calculated separately for each state.
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FIGURE 3.6: Steady state current and voltage waveform in mode 1-2.
(a) Operating condition, (b) Voltage and current waveform.

In state I, 0 < p<¢», the inductance currents is as following equation.

in(@) = U2 +ip(0)

Vi+Vs

n3(@) = 502 +113(0) (3.36)

| in(p) = L2 g+ i (0)

In state II, ¢ < ¢ < @3, the inductance currents is as following equation.

in(9) = 22 (9 — ¢2) +in(g2)

Vi+V3

3(@) = 52 (@ — 92) + i13(92) (3.37)

in(9) = 2E2(9 — ¢2) + in3(92)
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In state III, ¢3 < ¢ < 71, the inductance currents is as following equation.

in(9) = U2 (9 — ¢3) + i (93)

i3(g) = le3 2 (¢ — @3) + i13(p3) (3.38)

i (9) = 22 (¢ — ¢3) +ia(93)

The half-cycle end at ¢ = 7. It has the following equation.

(

—i12(0) = ir2(77)

—i13 (0) = i13(7'[) (339)

—i23 (0) = iz3(7‘[)
Solving (3.39), the dynamic inductance currents are obtained at any phase shift

angle by (3.36)-(3.38). From (3.36)-(3.39), it has the following equation.
gle by & €q

—i1p(0) = B2 (7 — ¢2) + A2 95 + i12(0)

—i13 (0) — ‘Zl]zl‘f (7‘[ _ 4)3) V]JrV3 @3+ 113(0) (3.40)

(UL13

—in(0) = 22 (7 — ¢3) + 212 (93 — 92) + 2295 +i23(0)

Therefore, the following equation is obtained.

—2i1p(0) = S [(Vi = Va) (7 — 92) + (Vi + V2) 2]

—2i13(0) = gz [(Vi = V3) (71 — 3) + (Vi + V3) 93]

—2i3(0) = 51 [(Va = Va) (7 — 93) + (Va3 + V2) (93 — p2) + (V3 — V2) 2]

(3.41)
(ilz(O) 20t Vit — Va(1r = 2¢2)]

i13(0) = 5= [(Varr — Va( — 2¢5)] (3.42)
| 23(0) = 555 [(Va (7 — 292) — V3(7 — 293))]

The inductance current of port 2,1, is the most critical in the operation mode 1-2,
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as shown in Figure 3.6. The peak current, which is highest at ¢ = ¢, is calculated

by the following equation.

i2(¢2) = i3(p2) — i12(92) (3.43)
) V3 —V; ) Vi+ V. )
i(p2) = Z;ngz @2 +i23(0) — ;lez @2 — i12(0) (3.44)
: V3 — V- 1
b(p2) = 23wL2322(P2 " %ln [(Va(r —2¢2) — V3(r — 2¢3)]
Vi+W, 1
— Zlez 2§02 + 260L12 [V]TL' — V2(7'L' — 2@2)] (345)

For the sake of simplicity of the calculation, the primary-referred inductances,

Ly, Ly, or L3, are simplified as the same.
Li=L,=I3=L (3.46)

Therefore, the primary-referred inductances in the A model of three-port are the

same as the following equation.
L1p = L13 = Ly3 = 3L (3.47)

Therefore, (3.45) is defined as the following equation.

i2(g2) = Vi(t—2¢2) — 2V276Tw—zV3(7T +2¢2 —2¢3) (3.48)
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Using Vi9,, Va9, and Lo, for (3.45), the effect of the voltage variation and turn

ratio is as the following equation.

. o V, Vl%(ﬂ'—Z(pz) —2007T+V3%(7T+2§02—2§03)
i(g2) = 100 6Ly Loy
100

(3.49)

From (3.49) and (3.8), The normalized current of inductance in secondary port in

percentage is as following.

Vl%(ﬂ — 2(p2) — 2007t + V3%(T[ +2¢ — 2(;)3)

1'2%(@2) =100 6L0/

[%] (3.50)

3.2.3 Design Process

This part proposes the design process for inductances in a TAB converter using the
normalization design method. The design of the inductance is the trade-off between
power transmission and performance. Here, the limitation and range of the phase
shift angles, power transmission, and peak current are considered. Further consid-
eration can be applied more in the future.

Figure 3.7 shows a flowchart of the design process. First, the rated power and
voltage ranges of the converter are listed. After that, the voltages and inductances
of the secondary and tertiary sides are referred to the primary side from the trans-
former turn ratio by (3.2). Therefore, the proposed method can be applied if the turn
ratios are different. The rated voltage is decided. Thus, equivalent inductance is cal-
culated by (3.7). The voltage variations in percentage are shown as (3.9) and (3.10).
By applying (3.26) and (3.27), the normalized inductance L, is shown in relationship

to the phase shift angle and voltage variation.
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Converter parameter: P, f, V;, V5, V3

Primary-referred parameters: V,, V,, Vs, L,, L5

}

Normalized parameters: V,q,, V3o, Lo,

}

Relationship between Ly, and ¢3, ¢,
in voltage variation range V,q,, V34,

)

Power transmission Py, and ¢s, ¢, in
voltage variation range Vo, V30,

I

Relationship between Lo, and i,y
in voltage variation range Vo, V30,

!

Trade-off between Py, ¢,, @3 & iy,
in voltage variation range V,,,, V3o,

v

Selecting normalized inductance L,

:

Primary-referred inductances: L, L,, L,, Ls

!

Series inductances: L, L5, L

End of design

FIGURE 3.7: Design process of inductances in the TAB converter.

Then, the power transmission, phase shift operating area, and the peak of induc-
tance current are considered for the inductance design trade-off. By selecting the
design point for the rated phase shift operation range, Lo, is determined. The design
is based on the most critical aspect of the operation, and thus it makes certain that
the converter can operate in all working modes. The primary-referred inductance

is calculated according to (3.13) and (3.14). If the primary-referred inductances are
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different, L, and L3 are calculated by the next part in the detail. Based on the trans-
former turn ratio n, and n3, the series inductances in the secondary and tertiary

ports, L/, and L} of the TAB converter are computed from (3.2).

3.2.4 Design of Inductances in TAB Converter if Primary-referred Induc-

tances are Different

If the primary-referred inductances, L1, Ly, and L3, are different, L1 # Ly # L, the

equation (3.20) is updated as the following.

V3Lq

= - 3.51
P2 Vils £ VLo ?3 (3.51)

Therefore, the equation (3.21) is updated as the following.

VL1 93 _ Valigs —
P = ViVayivng (T v ) s + ViVags (t—g3) Lo (3.52)

27T2f(L1L2 + LyL3 + L3L1)

Then, it results in the following.

b ViVs {< ValiLs
b T 2R2f(LiLa + LoLs + LsLy) P \\ i Ls+ VL,

V3L, V3L, >2 V3L,
AEL2) Ls+
Vo ) (V1L3+V3L1 ST

¢3} (3.53)

Using Vi9, and V39, for the above equation at rated power, P; = P,, it has the

following.

p. - L22 Vi @3 V3o, L1L3
' 100 27t f (L1Ly + LoLs + LaLy) | \ ViewLa+Vae, Ly
Vo, Lo Vi, L1 2 Vaylo
-\ L 3.54
- 100 > " <V1%L3+V3%L1 Vo Ps (3-54)

Equation (3.54) has four variables, L, L, L3, and ¢3. The proposed method

can be applied as the following. Firstly, the design process is used to design the



60 Chapter 3. Design Procedure of Triple Active Bridge Converter

normalized inductance,Lo,, as shown in Figure 3.7. After designing the normalized
inductance Lo, the inductance of one port, for example, inductance of primary port,

is the same as L.

L=L (3.55)

Because L1 and @3 were already decided, equation (3.54) has only two variables
as L, and L3. Therefore, L, and L3 can be decided based on (3.54). Then, L/, and L/

are calculated by (3.2).



3.3. Applying the Design Method for the TAB Converter in a Household

Renewable Energy System Rated at 400 V and 10 kW 61

3.3 Applying the Design Method for the TAB Converter in
a Household Renewable Energy System Rated at 400 V
and 10 kW

The proposed design method is applied to a TAB converter design for a household

renewable energy system rated at 400 V and 10 kW, as shown in Figure 3.8.

-
-

TAB ~

Devices

D

EV /storage

FIGURE 3.8: Household renewable energy system configuration.

The battery voltage, which connects to tertiary port varies from 340 to 440 V.
The voltage range of the PV is also from 340 to 440 V. Table 3.1 shows the circuit
parameters. The switching frequency of the TAB converter is within the range of 20

to 100 kHz.

The primary-referred parameters are shown in Table 3.2. In this application, the
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TABLE 3.1: Parameters of TAB Converter for Household Renewable

Energy System
Elements \ Symbol \ Parameter
Rated power P, 10 kW
Primary voltage Vi 340V -440V
Secondary voltage 1A 400V
Tertiary voltage Vé 340 V-440V
Switching frequency f 20 kHz - 100 kHz

turn ratio of the transformer can be designed as 1:1:1. Thus, the primary voltage,
Vi9,, varies from 85% to 110%. The tertiary side’s voltage range, V39, is from 85% to

110%. The voltage of the secondary side is the same as the rated voltage.

TABLE 3.2: Primary-referred Parameters

Symbol | Parameter | Normalization
1:np:n3 1:1:1 N/A
Vi 340V-440V | 85% -110%
12 400 V 100%
V3 340V -440V | 85%-110%

Figure 3.9 shows the relationship between normalized inductance and highest
phase shift operation point within the voltage variation ranges of V; = 85% and
V3 = 85% by applying (3.27). This indicates that Lo, needs to be smaller than 35.6%
for this application.

If the practical implementation and operation have an error in each inductance,
the proposed method is still can be used. For example, the datasheet of an inductor
shows that the inductance may have an error [107]. In addition, it shows that the
error of inductance is depended on the operating current [108]. Therefore, the nor-
malized inductance should be smaller than the limitation value, Lo,,,,,. As in this
application, normalized inductance is suggested equal or smaller than 30%, which
allows the error is 18%, at the rated power, and even higher error at lower power.

35.4% is smaller than Lo,,y.



3.3. Applying the Design Method for the TAB Converter in a Household

Renewable Energy System Rated at 400 V and 10 kW 63

100
80 [ 1
60 [ 1
g L%mgx

40 | A

Lo, = 30%
20 B

0 .
0 g s 3r g
8 4 8 2

FIGURE 3.9: Relationship between normalized inductance and high-
est phase shift operation point when V; = 85% and V3 = 85%.

It indicates that the power is limited under the rated power when the normalized
inductance is over Lo,,,,,. For example, the power is limited at 90% when Lo, is 40%,
as shown in Figure 3.10. When the inductance is 20%, the converter operates at the
rated power with a phase shift smaller than 7r/6. However, that is the highest phase
shift operation when the voltage is lowest. At the highest operating voltage, the
phase shift is smaller.

Figure 3.11 shows the phase shift operation areas of the TAB converter for the
household application in the comparison of the normalized inductance Lo, at 20%,
and 30%, and 40% respectively. The violet color shows the phase shift operation area
of the converter, which is limited by the operation of rated power, P, = P,, P, = —P,,
P; = —P,, and at P; = 0, respectively.

The highest voltage is considered because the phase shift operation area is the

smallest, which is critical for the control’s accuracy. For Lo, is 20%, the operation
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FIGURE 3.10: Power transmission ability at different inductances
when Vio, = 85% and V39, = 85%.

area is small, as shown in Figure 3.11(a). Depending on the operation mode, but the
phase shift angle of one port is smaller than 11°, which is sensitive in control. Each
degree affects 10% of the rated power. For Lo, is 30%, the phase shift angles of both
two ports are higher 16° at the rated power, as shown in Figure 3.11(c). When the Lo,
is 40%, the converter can operate all the mode at the highest voltage Figure 3.11(e).
However, at the lowest voltages, the phase shift falls in the maximum phase shift
and loses some operation modes, as shown in Figure 3.11(d).

The peak current of port 2 in mode 1-2 is considered for various normalized
inductance values, as shown in Figure 3.12. It shows that for this application and

voltage variation range, the inductance in the range of 20%-34% has a small peak
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FIGURE 3.11: Phase operating area in variation of the voltages with
different inductance. (a) at V3o, = 110% and Vzo, = 110%, Lo, = 20%;
(b) at V4o, = 85% and V3o, = 85%, Lo, = 20%; (c) at V30, = 110% and
V3o, = 110%, Lo, = 30%; (d) at Vy9, = 85% and V39, = 85%, Lo, = 30%,
(e) at Vl% = 110% and V3% = 110%, L% = 40%; (f) at Vl% = 85% and
V3o, = 85%, Lo, = 30%,
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It indicates that the normalized inductance Lo, at 30% is a suitable point for this
application. There is no issue regarding the operation area of the TAB converter.
Figure 3.13 shows the relationship between the transmission power and phase shift
at an inductance of 30% for the voltage variation range. It shows that the phase shift
operation of the tertiary port, ¢3, varies from 35° to 62.8° at the rated power.

After determining the normalized inductance, each port’s inductance is calcu-
lated for two switching frequency systems, as shown in Table 3.3. The switching
frequency increases in inverse proportion to the inductance (3.7). As a result, the
inductances reduce five-fold when increasing the switching frequency from 20 kHz

to 100 kHz.



3.4. Experimental Setup and Results 67

100 ' VA ‘
Il /7
4 7
4 ’
4 ’
4 7
. 'I 4 -
80 v
/ s
/ /
/ ’
Vi s
/7
Vi /
60 s 1
.'/ ,l
g /'I )
5 7 7
~ 7,
40 L VA — Vi = 110%, V3 = 110% 1
!y
7/
/’,’ --- Vi = 100%, V5 = 100%
il
I
I,/I - V) = 85%, V3 = 85%
20 F A i
Iz
'II
III
‘I/
)
0 L 1 1
0 us s 3 s
8 1 8 2
@3[rad]

FIGURE 3.13: Transmission power at Ly, = 30% corresponding to
voltage variations of 85% to 110%.

TABLE 3.3: Inductance of TAB converter for Household Renewable

Energy System
Symbol | 20 kHz system | 100 kHz system
Lo, 30% 30%
Leg 127.3 uH 25.5 uH
Ly 38.2 uH 7.64 uH
L 38.2 uH 7.64 uH
L 38.2 uH 7.64 uH

3.4 Experimental Setup and Results

3.4.1 Prototype System Rated at 200 V and 500 W

A small-scale system rated at 200 V and 500 W is implemented to verify the proposed
design method, as shown in Figure 3.14. The parameters of the prototype circuit are
shown in Table 3.4. The voltage variations of the prototype circuit are the same as
the 10 kW system shown in Table 3.2. Thus, Vi, and V39, vary from 170 to 220 V. The

normalized inductance is also designed at 30%. The primary-referred inductance is
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38.2 uH for the prototype circuit at the switching frequency of 100 kHz.
Figure 3.15 shows the prototype transformer and external inductors. The exter-
nal inductors use air cores. The measured inductances are shown in Table 3.5. Each

series inductance includes each external inductance and the leakage inductance of

the transformer on the same side.

FIGURE 3.14: Implementation of experimental prototype circuit.

TABLE 3.4: Parameters of experimental prototype circuit

Elements | Symbol | Specification
Rated power p 500 W
Turn ratio 1:np:n;3 1:1:1
Primary voltage Vi 170V -220V
Secondary voltage V2 200V
Tertiary voltage V3 170V -220V
Normalized inductance Lo, 30%
Switching frequency f 100 kHz
Turn ratio 1:np:n;3 1:1:1
Equivalent inductance Leg 127.3 uH
Primary-referred inductance L 38.2 uH
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Transformer External inductors

FIGURE 3.15: Implementation of transformer and inductors.

TABLE 3.5: Implementation of inductance in experimental prototype

circuit
Elements | Symbol | Specification
Primary series inductance L1 38.1 uH
Secondary series inductance L) 38.5 uH
Tertiary series inductance L, 38.2 uH

3.4.2 Experimental Results

The experimental circuit was tested for most critical operations types when the trans-
mission power is between the primary and tertiary ports with no power in the sec-
ondary port. The phase shift operation range of the converter are compared between
the theoretical calculation and experiment. Three states are applied during the ex-
periments, namely, the lowest voltage, the highest voltage, and the rated voltage
design.

Figure 3.16 shows the inductance currents iy, i5, and 7 and voltages between the
phase leg midpoint, u;, u}, and 1} for each port when the voltages of the three ports
are 100% of the rated power. The phase shift of the tertiary port is 42.7°, which is
almost same the same the calculated value as 42.9°.

Figure 3.17 shows the experiment results for V; = 85% and V3 = 85%. The actual
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phase shift of the tertiary port is 62.3°, which is close to the calculated phase shift of
62.8°. Figure 3.18 shows the experiment results in for V; = 110% and V3 = 110%.
The preliminary phase shift of the tertiary port is 35.4°, which is also close to the
calculated phase shift of 35°.

Figure 3.19 shows a comparison between the experimental results and the the-
oretical calculations for the power of 40% to 100%. The three lines indicate the re-
lationship between power and phase shift of the three voltage conditions by calcu-
lating. The dotted points are the experimental results. It shows that the calculated
and experimental results are almost the same within 1% error in the voltage range

85%-110%.

3.5 Summary

A design procedure triple active bridge converter was proposed. The parameters are
normalized in percentage. Therefore the proposed method can be applied in many
power voltage level and variation. By pplying the design method, the complicated
relationships between the power, phase shifts, switching frequency, voltage varia-
tions, and inductances were clarified. The limitation of inductances corresponding
to the different voltage variations is specified. The effect of the inductance to the
peak current and the operating phase shift angle range are analyzed. The normal-
ized inductance is solved by the trade-off between the phase shift operating area and
peak current.

The proposed method is applied to design a system rated 400 V - 10 kW ef-

fectively. It shows that the normalized inductance is at 30% is one of the suitable
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design inductances when the voltage of primary and tertiary port varies from 85%
to 110%. A small-scale system rated at 200 V and 500 W was implemented to verify
the proposed method. The experimental results correspond to the phase shift angle
calculation results within 1% error in the voltage range 85%-110%. Based on this,
the proposed method can be applied to design the TAB converter to be for various

applications.
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FIGURE 3.16: Experimental result when voltages of three ports are
200V (100%).
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FIGURE 3.17: Experimental result when V; = 170V, V, = 200V, V3 =
170V.
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Chapter 4

Battery Voltage Balancing Method

4.1 Proposed Battery Balancing Method and the Operation

Principle

4.1.1 Proposed Direct Cell-to-Cell Balancing Circuit

Figure 4.1 shows the proposed balancing method to maximize the capacity of the
battery pack [109]-[112]. The battery pack, which is connected to one port of the TAB
converter, includes many cells connected in series and parallel. The number of cells
in a balancing module can be decided depending on the number of the battery cell
in a battery pack and the balancing target. Figure 4.2 shows both power and control
diagrams of the proposed active cell-to-cell balancing circuit for a battery module. It
composes of four blocks. A digital signal processor (DSP) is used to control both the
balancing circuit and also the TAB converter. A monitoring integrated circuit (IC) is
used to measure the voltages of the cells. A relay network is used for selecting the
cells that need to be balanced. An isolated DC-DC converter is designed to deliver
power between the selected cells.

The relay network has two strings of relays. One string of relays, R, ; to R, ,, are
used to connect the battery cell to the primary side of the converter via the DC bus,

DC, 1 and DC, , while the other string of relays, R, 1 to R, ;, are used to connect
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the battery cell to the secondary side of the converter via the DC bus, DC; ; and

DC, ». It is possible to transfer the charge from any cell to any other cell in a battery

module.
Rz ;
Ibatance_in Balancing converter | Ipajance out
(Isolated DC-DC)
“ e L 8B B
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FIGURE 4.1: Proposed cell-to-cell balancing method using isolated
DC-DC converter.

The voltage of each cell of the battery pack, from Vg; to V3, is measured by
using the monitoring IC. Then, they are transmitted to the DSP. The balancing cur-
rent, Ipyance in, is calculated by measuring voltage, Vpsense, Of a current sense resistor,
Rsense, on the primary side. The current at the secondary side, Ipgance out, can be
calculated with the turn ratio and the efficiency of the isolated DC-DC converter.

The first advantage of the proposed method is its ability to transfer the charge
directly from the highest voltage cell to the lowest voltage cell. Hence, its balancing
speed is fast, and its efficiency is high since the energy transfer directly between re-
quired cells in a battery module. There is no sub-transfer cell necessary. Secondly,
unlike the other topologies in [79]-[100], which use lots of photo-couplers or pulse
transformers to drive the semiconductor bidirectional switch, the proposed topol-

ogy does not require any expensive gate driver circuits. As only a cheap transistor
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FIGURE 4.2: Balancing circuit for a battery module.

array IC is required to drive the relays on each DC bus, the cost of the system can
be significantly reduced. Also, the transistor array IC can share the power supply
with the controller, thereby reducing the number of the device and cost. The third
advantage is the ease of implementation and extends the balancing circuit, which
is a simple structure. It only requires low-voltage devices and one isolated DC-DC

converter. Therefore, it can be applied to many HES systems.

4.1.2 Open Circuit Voltage of the Lithium-ion Battery

The internal impedance affects the balancing current and the terminal voltage of the
battery. Therefore, it should be considered during the design process of the balanc-

ing circuit. Some battery models have been proposed by previous studies, as shown
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in [113]-[117]. A simple equivalent circuit model of the Li-ion battery is widely used
to represent the battery impedance, as shown in Figure 4.3. It is composed of the
open-circuit voltage (OCV), and a Direct current internal resistance, Rpcir. The Vi

and I are the terminal voltage and the current of the battery, respectively.

—{ o
Rpcir A
<: OoCvV § Veell
IceII ;
) °

FIGURE 4.3: Simple equivalent circuit model for a Li-ion battery.
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FIGURE 4.4: Impedance of a battery cell.

It has the following.

Icell = Imodule + I(balunce_in/bulunce_out) (41)
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where o410 is loading current of all battery module. [(yaiance_in/patance_out) are the
balancing current at the input / output of balancing converter, respectively.

As shown in equation (4.1), the current of the battery, I, includes two parts.
One is the load current of the battery module, I,,,,4,7., and the other is the balancing
current, I paiance_in/balance_out)- 1ne battery module’s load current is negative when the
battery module is discharging or a positive value when the battery module is charg-
ing. The balancing current flows through two cells when the balancing operation
is being performed. At the input of the converter, the balancing current, Ip;iznce in,
which flows to discharge the high-voltage cell, is measured by the resister, Rsepse. At
the output of the converter, the balancing current, Ij,ance out, » Which flows to charge

the low-voltage cell, is calculated by the following equation.

Ibalunce_in (4 2)

Ibalance_out =
n

Figure 4.5 shows the current and voltage of a Li-ion battery cell during the pulse
charge test in the rest time. The test is applied to verify the state of charge (SOC)-
OCV profile of the battery. A charge pulse equal to 5% of the battery capacity is
applied, and the battery rests for three hours to get the OCV. The test is repeated until
the battery is fully charged. The voltage transient during the balancing operation is
attributed to the internal resistance of the battery.

The non-linear battery parameters have small differences at each voltage point
and temperature of the battery. However, the dynamic SOC-OCV estimation for
each cell in a battery pack requires cumbersome calculation and takes a long time

with high-cost [118]. Therefore, it is acceptable for the balancing circuit to use the
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FIGURE 4.5: Current and voltage waveform of the lithium-ion battery
during the pulse charge test.

parameter of the battery by a lookup table from the scanning data to reduce the
complexity of the balancing circuit. Figure 4.6 shows the transient voltage of the
pulse test at the nominal voltage of a Li-ion battery.

The transient voltage, AVt, can be approximately calculated from the voltage
difference caused by the current pulse and the value of Rpcjr can be calculated by
the following equation.

Rpcir = AV/1 (4.3)

Therefore, the following equations can calculate the transient voltage caused by

the balancing currents during the balancing process.

Avbalance_in = Ibalance_inRDClR (4-4)

AVbalunceﬁout = IbalancefoutRDCIR (4-5)
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FIGURE 4.6: Transient response of a lithium-ion battery at nominal
voltage.

During the balancing process, the transient voltages of two balancing cells are
calculated by (4.4),(4.5). Then the OCV of two balancing battery cells is calculated

by the following equations.

OCVmax = Veell_in — (Imodule - Ibulance_in>RDCIR (4-6)

OCVmin = Vcell?out - (Imodule + Ibalanceﬁin)RDCIR (47)

The OCV of other cells are calculate by the following equation.

OCV; = Ve i — LyoaureRpcIr (4.8)

where i is the cell number.

4.1.3 Balancing Algorithm of the Proposed Balancing Circuit

Figure 4.7 shows the balancing algorithm of the proposed method. At the start, the

initial set-up of the system is performed. Firstly, the controller reads the voltages of
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all cells. If all of them are in the allowable range of the voltage, the controller calcu-
late the OCV of all the cell and finds the cell with the lowest voltage, OCV,;,,, and
the cell with the highest voltage, OCV ,,x. Then, at the input side, the relay, R, yax,
is closed to connect the cell with OCV/;,4, to the input of the converter. Similarly, the
relay, Ry, in, is closed to connect the cell with OCV,;,, to the output of the converter.
Then the two selected cells begin to be balanced by the isolated DC-DC converter.

During the balancing process, the controller continuously updates all the volt-
ages and the balancing current. If any of the cell voltage is out of range, the con-
troller generates a warning signal and turns off the balancing process to protect the
battery pack. Then the average voltage, OCVjyerage, 0f all the cells is calculated again.
If OCVjyayx is bigger OCViperage and OCV,y,;;, is smaller than OCViyerqge, the balancing
operation continues. When one of two selected cells reach the average value of the
voltage, both relays, R; juux and Ry i, are turned off. After that, the next two cells
that have the highest and lowest voltage are found and balanced. The balancing
process continues until all the cell voltages are balanced.

Figure 4.8, Figure 4.9, and Figure 4.10 show the operation of the proposed balanc-
ing method in three main steps. In the beginning, the controller scans the status of
all cells via monitoring IC as shown in Figure 4.9. After finding the lowest and high-
est battery cells, Figure 4.9 shows a specific pair of cells is connected to the isolated
DC-DC converter for a balancing operation. In this case, cell number Bn — 1 repre-
sents the cell with the highest voltage, and cell number B represents the cell with

the lowest voltage. Therefore, cell B; is connected to the output of the converter by
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FIGURE 4.7: Balancing algorithm of the proposed circuit.
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FIGURE 4.8: Step 1: Monitoring battery condition.

turning on relay R;, ; and cell B,,_; is connected to the input of the converter by turn-
ing on relay R, ,_1, respectively. All other relays remain turned off. Then these two
cells start to become balanced immediately by the operation of the isolated DC-DC
converter. During the balancing process, the controller keeps updating the voltage

of all the cells, as shown in Figure 4.10.
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FIGURE 4.9: Step 2: Turn on relay and balancing converter for starting
balancing process.

4.2 Design of High-Efficiency LLC Converter for the Balanc-

ing Circuit

Since an LLC resonant converter has several advantages such as high efficiency, low
electromagnetic interference (EMI), and high-power density, it is popularly applied
to many applications. Therefore, the LLC converter is adopted for the proposed
balancing circuit after a careful investigation of the requirements for the active direct
cell-to-cell balancing circuit. Unlike typical converter applications, a cell balancing
circuit does not require a constant current operation. Therefore, it is possible to avoid

a wide range of switching frequency variations. Thus, the LLC converter can be
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FIGURE 4.10: Step 3: During balancing process.

designed to operate under nominal operation at a constant frequency with a unity
gain without losing the soft-switching condition. Moreover, open-loop control is
preferred since it does not require additional circuitry for the feedback and simplifies

the system.

Resonant
Tank

Cr Lr

| balance_in F'\)sense | balance_out

FIGURE 4.11: LLC resonant converter for the balancing circuit.

Although the half-bridge LLC converter is advantageous in terms of component
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count, a full bridge LLC converter has been selected due to its lower input ripple and
lower conduction loss, as shown in Figure 4.11. In the converter’s secondary side,
only two diodes are used to constitute a full-wave rectifier for high efficiency. Since
the leakage inductance of the transformer, Lr, can be used as the resonant inductor,
no additional inductor is required. Figure 4.12 shows a simplified circuit model of
an LLC converter using the First Harmonic Approximation (FHA) method. R,. and
Ve are the AC equivalent load resistance and voltage of the LLC converter’s output,

as the following equation.

8 Vs

Roe = X 49
o 2 X n? Ibalunce_out ( )
| Y'Y\

I ; L
+ r Cr Lr I Lm Ioe"
) +
Vge I—m Roe S Voe

FIGURE 4.12: Equivalent circuit of an LLC converter.

The voltage gain M of the LLC resonant converter can be calculated as the fol-

lowing.

_ mx f2
M D<A D < fixQxn (4.10)

where f, is the normalized frequency, m is the inductance ratio between the resonant

inductance L, and the magnetizing inductance L,,, and Qis the quality factor. The
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normalized frequency is calculated as the following.

_ fow 4.11
Ja 5, (4.11)

where fy, is the switching frequency, and f,is the series resonant frequency as the

following.

1

- 4.12
27t/ L, X C, ( )

fr

where C,; is the resonant capacitor. The inductance ratio m is calculated as the fol-

lowing.
m= IZ: (4.13)
The quality factor Q can be expressed by the following.
1
Q= 2 oaRonC,y (4.14)

Normally, it is essential to choose the inductance ratio m to satisfy the system’s re-
quirements with a trade-off between the switching frequency range and the losses of
the converter. Since Q and m both have impacts on the converter operation and are
related to each other, the design process starts with suitable initial values optimized
by iterations, making the LLC converter complex the design process.

However, since the proposed converter only works at the series resonant frequency
with a unity voltage gain that is independent of the load, the value of m can be cho-
sen by only considering the ZVS turn-on conditions for all of the primary switches

under a light load.
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The ZVS turn-on condition for the primary switches is important in designing a con-
verter to achieve high efficiency. During dead-time, the magnetizing current I, cir-
culates through the parasitic capacitance Cyss of the switches before the body diode
of the switches conducts. Hence, the ZVS condition can be guaranteed if (4.15) and

(4.16) are satisfied. The magnetizing current is calculated by using (4.17).

1 1
5 (L + L) X > 5(2COSS)V§1 (4.15)
taead > 16Cys X fsw X Ly (4.16)
2v2 1 v,
In=— X=X s—F— 417
" T an27r><fsw><Lm (4.17)

The resonant capacitance value can be calculated by using the following equa-

tion.

1

Cr= (27 fo) 2Ly

(4.18)

The converter operates at the series resonant frequency with a unity gain. The
output current of the converter (the charge current of the battery) is decided by the
voltage difference between the converter output voltage Vo and the battery voltage
Vg, and the internal DC resistance of the battery Rpcir. Therefore, in theory, the
turns ratio of the transformer can be 1. However, the turns-ratio transformer has
to be larger than 1 in practice to compensate for the voltage drop at each of the

converter components, as shown in the following.

Vo == (Vm —2Xx Ibalance_in X Rds_on)n - Vf - Vud (4'19)

Vo+ V4V,
0= 0T VfT Vad (4.20)
(Vm —2x Ibalance_in X Rds_on)
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Where V) is the output voltage of the converter, V;, is the input voltage of the
converter, Ij,ance in is the input current of the converter, Ry, ,, is the junction resis-
tance of the switch, V¢ is the forward voltage of the diode, and V is the additional
voltage drop caused by the wire, current sensing resistor, etc. Also, Iysiance in is the
balancing current, which is less than the 0.5 C. Here, C is the rated capacity of the
battery cell. Figure 4.13 shows a comparison of the simulation waveform of a typi-
cal LLC converter and a designed LLC converter. It shows that both converters can
achieve ZVS turn-on. However, the designed LLC converter achieves nearly Zero-
Current Switching (ZCS) turn-off of the switches due to the design point. Since the
converter operates at the resonant frequency, all switches of the designed LLC con-

verter achieve ZVS turn-on and nearly ZCS turn-off in the balancing range.

val vaz val vaz ™
0.8 0.8
0.4 04
0 0

|_ds1 V_ds1/2 I_ds1 V_ds1/2

27 P ] P P

V High tum off current + — v

LYo an

LCow turn off current
Idiod1 Vdiode1/4 ] Idiod1 Vdiode1/4

N |~ = A ]

(@ (b)

FIGURE 4.13: Simulation waveform of LLC converter. (a) normal LLC
converter, (b) designed LLC converter for the balancing circuit.



4.3. Prototype Balancing Circuit and Experimental Result 93

4.3 Prototype Balancing Circuit and Experimental Result

4.3.1 Prototype Balancing Circuit

A prototype circuit was tested with twelve Li-ion battery cells (LG ICR18650B4, 2.6
Ah) connected in series to demonstrate the validity of the balancing system. The
AC equivalent load resistance, R,., and quality factor, Q, are calculated as shown
in Table 4.1. For other battery types with higher capacity and voltage, the designed

method can be applied easily by changing the V;, and I, values.

TABLE 4.1: Ry, and Q of the equivalent of the LLC converter basd on
the paprameter of the battery cell.

Z Zs Zs
Vo 3V 42V 42V
I, | 1L.3A[0.5C] | 1.3A[0.5C] | 0.13A [0.05C]
Roe 1.30 1.82 18.19
Q 0.337 0.241 0.0241

Figure 4.14 shows an experimental setup to verify the balancing circuit using
twelve lithium-ion battery cells. The Oscilloscope measure the control signals and
waveforms. The power analyzer measures the efficiency of the LLC converter. Elec-
tric power supply and load are used to charge and discharge the battery pack. The
balancing circuit is composed of four parts: a switch network with two relays for
each cell, an LLC resonant converter for the balancing operation, a DSP TMS320F28335
to control the whole system, and a monitoring IC named bq76940 to measure the
voltage of each cell. The monitoring IC can measure the voltage of the telve cells
and one current. The parameters and component list of the balancing circuit are

shown in Table 4.2.
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FIGURE 4.14: Experimental setup of the prototype balancing circuit.

4.3.2 Experimental Results

Figure 4.15 shows a waveform of the LLC converter during the balancing operation
when the high voltage cell is 4.1 V, and the low voltage cell is 3.9 V. The primary side
switches archive ZVS turn-on and nearly ZCS turn-off under both heavy and light
loads. The turn-off currents of the primary switches are only 0.1 A, contributing to
the reduction of the switching losses. Two diodes on the secondary side achieve full
ZVS and ZCS.

A power analyzer (Xitron 2802) measures the converter’s efficiency during the
balancing process, as shown in Figure 4.17. The efficiency is higher than 92% in
the balancing range. The maximum efficiency of the LLC converter is 94.5% at 1.5
W, which demonstrates that the proposed balancing circuit exhibits high-efficiency
characteristics.

Figure 4.18 shows the balancing process in the steady-state mode of the proto-

type circuit for twelve Li-Ion batteries in a module. In the beginning, the voltages
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TABLE 4.2: Parameters of the Prototype Balancing Circuit

Components Parameter
Experimental | Theoretical
design
LLC converter Transformer core Pot core 2213
Turn ratio 1:1.2:1.2 1:1.2:1.2
1:n:n
Magnetic inductance | 122 uH 120 uH
Resonant capacitor 9.9 uH 10 uH
Leakage inductance 1.9 uH 2uH
Resonant frequency 36.7 kHz 35.6 kHz
MOSFET IRFZ44NS
Schottky diode PMEG3050EP
Relay network | Relay driver IC (Tran- | ULN2803A
sistor array IC)
Monitoring Monitoring IC Bq76940
Resistor current sense | WSR21LO00FEA

of the battery cells show some deviation ranging from 3.55 V to 3.73 V. The volt-
age variations in twelve cells are measured, and their values at each cell-changing
point are saved to DSP memory during the balancing process. Therefore, Figure 4.18
mainly shows the voltage-changing of all the cells.

After reading all of the cell voltages, the system calculates the average value
of the cell voltages (3.62 V) and finds that cell number 3 is the highest voltage cell
(3.73 V) and cell number 12 is the lowest voltage cell (3.55 V). These two cells are
balanced first. After 16 minutes, cell number 12 reaches the average voltage (3.62
V), and the cell balancing system is stopped. After rereading all of the cell voltages,
the controller finds that cell number 10 is the highest voltage cell (3.68 V) and that
cell number 5 is the lowest voltage cell (3.57 V). These two cells are selected and
balanced. This procedure repeats until all of the cells in a battery string have the
average voltage. By applying the calculation of transient voltage from balancing

current, the cell voltage can be approximately balanced at the average voltage.
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FIGURE 4.15: Experimental waveform of an LLC converter: (a) nor-
mal load 55% (Po=3W); (b) very light load 10% (Po=0.5 W).

A balancing test is also performed during the charging of the battery, as shown
in Figure 4.19. In the initial state, all of the cells have some voltage differences. Cell
number 4 shows the highest voltage (3.71 V), and cell number 8 shows the lowest
voltage (3.51 V). By applying the proposed fast balancing algorithm, all of the cells
are balanced at 4.15 V. After that, all the cell can be fully charged.

Figure 4.19 shows experimental results of balancing circuit during the discharg-
ing with 1.3 A. At the initial sate, each cell in the battery module shows differences
in terms of their voltage. While discharging the battery, the proposed cell balancing
algorithm is applied. All of the cells are balanced and reach the cut-off voltage.

To verify the battery pack’s capacity improvement, the charging and discharging
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FIGURE 4.16: Balancing current of the proposed method.
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FIGURE 4.17: Efficiency profile of LLC converter for the balancing

circuit.

powers to each battery cell batteries are analyzed in detail. The charge in one cell is

shown in the following equation.

Qi=GCxV

4.21)

where, Q; is the charge in one cell. C; is the capacity of the cell number i. V; is

the voltage of the cell number i. Then the charge to x cells in the battery module is



98 Chapter 4. Battery Voltage Balancing Method

~OCV[V]

3.75

Ladtdd

3.65

442

N

N\

3.6 -

[3
¢
D 11 B N

w

n

]
-
[

| | |
| | |
| |
| |
| | |
|

1
1
I
I
I
] sebasaadr

:

FIGURE 4.18: balancing process in the steady state mode.

calculated by the following.

Qu=3).0 (4.22)

where, Q) is the charge in the battery module.

In the battery pack, it is assumed that all of the cells have the same initial capacity.
C=C=C=...=(C (4.23)

From (4.21) to (4.24), the following can be obtained.
Qu=) Q=) GVi=C} V, (4.24)

When charging the battery pack with the proposed balancing circuit, it is possible
to charge all of the cells to their full capacities. However, without the balancing
circuit, it is impossible to charge the battery module since the charge operation stops

when a cell reaches its maximum voltage for the Li-lon battery’s safety reason. By
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FIGURE 4.19: Balancing process during charging battery pack.

using (4.24), the energy in the battery packs in Figure 4.19 and Figure 4.20 can be
calculated as shown Figure 4.22.

Without using a balancing circuit, the battery module can only be charged up to
91% of the full capacity with the initial condition of the experiment setup. Therefore,
9% of the battery capacity is left unused, as shown in Figure 4.22(a). When discharg-
ing without the proposed balancing circuit, 7% of the capacity of the battery pack is
left unused. Therefore, only 84% capacity of the battery module is used. By using
the balancing circuit, the capacity of the battery pack is utilized as 98%, as shown in
Figure 4.22(b). It can be concluded from the above experiments that the full capacity
of a battery can only be utilized when the proposed balancing circuit and algorithm

are applied.
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FIGURE 4.20: Balancing process during discharging battery pack.

4.4 Summary

Chapter 4 proposes a battery voltage balancing method to maximize the capacity
and correct the voltage of the Li-ion battery pack in HES systems. It is composed
of an isolated DC-DC converter, a relay network, the monitoring IC, and a DSP
controller. A simple balancing algorithm can achieve the cell balancing operation.
The open-circuit voltage (OCV), which is estimated based on a battery model, is in-
troduced to compensate for balancing current and load current to the terminal cell
voltage. Therefore, all the cells can be balanced at the average OCV. An isolated
LLC resonant converter is designed for the proposed balancing circuit to achieve
soft-switching for all of the primary switches and secondary diodes. An experiment
balancing circuit is implemented for twelve Li-ion cells in a battery module. All
cells are balanced at the average cell voltage. The maximum efficiency of 94.5% was

achieved for the balancing converter. The balancing current’s ripple is 7%, which
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FIGURE 4.21: The voltage of each cell. (a) Before balancing; (b) After
balancing.

is reduced from 100% in other direct cell-to-cell methods. Therefore, the proposed
method can operate with a higher balancing current when using the same size of the
hardware circuit. The experiment results show the battery capacity improvement of

14% from 84% to 98% by applying the balancing method to an experiment condition.
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FIGURE 4.22: Comparison of the used capacity with and without a
cell balancing circuit: (a) with balancing circuit; (b) without balancing
circuit.
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Chapter 5

Conclusions

5.1 Conclusions

In this dissertation, the technologies for realizing the HES systems using the TAB
converter and studied. The effects of the voltage variation of the battery pack and
other elements on the design of the TAB converter are analyzed. Then, inductances
of the TAB converter are designed effetely by a normalized method. Besides, an ac-
tive cell balancing circuit is proposed to solve issues of capacity loss and the voltage
error of the battery pack. Therefore, the TAB converter can work with the designed
voltage level and variation range in the HES systems’ lifetime with maximized ca-
pacity. Each chapter addressed the following subjects and proposed the following
contributions.

In chapter 2, a literature review associated with this dissertation is shown. Firstly,
the HES applications using the TAB converter are discussed. The advantages and
challenges of the TAB converter and Li-ion in each application are summarized. The
voltage variation characteristics of the Li-ion battery and other storage or renewable
energies are considered in the design of the TAB converter. Also, the usable capacity
of the battery, which decides the usable capacity of the HES systems and voltage

variation of the TAB converter, need to be corrected. Secondly, the current status of
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the TAB converter is reviewed. The operation modes, control methods, and power
transmission of the TAB converter are summarized. Twelve operation modes of the
TAB converter are categorized into three groups as single input single output, dual
input single output, and single input dual output. Many control methods are dis-
cussed. However, it remains a discussion about the design of the parameters of the
TAB converters. The complicated relationship between parameters as inductances
with powers and phase shift angles under the voltage variation is the remaining is-
sue that needs to be solved. Thirdly, the capacity loss of Li-ion battery, which causes
by the imbalance cell voltage between Li-ion battery cells in a battery pack, is revised
based on the characteristics of the battery. The conventional cell balancing methods
are analyzed.

In chapter 3, a design procedure of the TAB converter in considering the voltage
variation of two ports is proposed. The voltage variations and inductances are nor-
malized based on percentage, and the complicated relationships between the param-
eters of the TAB converter are clarified. The limitation of inductances corresponding
to the different voltage variations is specified. The inductances are designed by the
trade-off of the phase shift angle operating area, power transmission, and the peak
current of the inductance. The proposed method is applied to design a system rated
400 V - 10 kW effectively. It shows that the normalized inductance is at 30% is one of
the suitable design inductances when the voltage of primary and tertiary port varies
from 85% to 110%. A prototype converter rated at 200 V and 500 W is implemented
to verify the proposed method. The experimental results correspond to the phase

shift angle calculation results within 1% error in the voltage range 85%-110%. Based
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on this, the proposed method can be applied to design the TAB converter to be for
various applications.

In chapter 4, a battery voltage balancing method for Li-ion battery pack in HES
systems. It can reduce the cost of more than 18% in comparison to other conven-
tional direct cell-to-cell methods. The configuration and operation principle of the
proposed balancing circuit is introduced. The open-circuit voltage (OCV), which is
estimated based on a battery model, is introduced to compensate for the effect of
the balancing current and load current to the terminal cell voltage. Therefore, all
the cells can be balanced at the average OCV. An isolated LLC resonant converter
is designed for the proposed balancing circuit to achieve soft-switching for all of
the primary switches and secondary diodes. An experiment balancing circuit is im-
plemented for twelve Li-ion cells in a battery module. All cells are balanced at the
average cell voltage. The maximum efficiency of 94.5% was achieved for the bal-
ancing converter. The experiment results show the battery capacity improvement of
14% from 84% to 98% by applying the balancing method to an experiment condition.

From the dialogue in this dissertation, the TAB converter and balancing circuit
can be effectively designed for many HES applications with maximizing capacity

and safety.

5.2 Future Works

The study of the TAB converter for the HES systems is analyzed in this dissertation.
The design procedure of the TAB converter is proposed. A battery voltage balancing

method is proposed to maximize the capacity of the battery and also HES systems.
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There are nevertheless matters that ought to be considered. This section gives the
comment and suggestion of further study in the future.

In chapter 2, the two-phase shift angles method can be applied to almost opera-
tion modes of the TAB converter due to simple implementation. Some other meth-
ods are proposed by controlling the mid-point voltage duty cycle, but they increase
the complexity of the TAB converter, as discussed in chapter 2. It shows that some
applications use all operation modes such as microgrid, distribution systems for data
center, electric vehicles. Some applications do not use all operation modes. There-
fore, which control method is better for each application can be discussed more in
the future. In addition, there are many new applications of electricity that are dis-
cussing in academic and industry as all electrical ship, more electric aircraft, au-
tonomous underwater vehicles. Therefore, new applications and characteristics of
the TAB converter can be considered in the future.

A design procedure of the TAB converter was proposed, as shown in chapter
3. It clarified the relationships between inductances and phase shift operating ar-
eas in different voltage variations. The power transmission and peak current were
discussed in the tread-off of the inductance. However, total converter loss is im-
portant and needs to be considered in the design in the future. Moreover, the mag-
netic component is a challenge in the practical design due to the complexity of the
TAB converter and nonlinear characteristics of the magnetic material. Therefore,
the transformer design needs to be studied to improve the performance of the TAB
converter in different conditions.

A battery balancing circuit is proposed to maximize the battery pack capacity,
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as discussed in chapter 4. It shows the advantage of low implementation cost and
small current ripple. However, the design can be optimized due to the size and total
efficiency. Moreover, the proposed method can be applied to other energy storage in
the HES systems. However, each type of energy storage has different characteristics

that require more analysis.
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