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ABSTRAK

Krisis tenaga dunia telah mengakibatkan pemanasan global dan perubahan iklim.
Pertumbuhan tenaga yang boleh diperbaharui mampu mengatasi krisis tenaga. Salah satu
teknologi tenaga yang boleh diperbaharui adalah kenderaan elektrik (EV) dimana
permintaan untuk jualan EV semakin meningkat pada setiap tahun. Teknologi
pengecasan perlu dipertingkatakan kerana pengecas arus ulang alik (AC) yang sedia ada
mempunyai pengecasan yang perlahan dan terhad kepada aplikasi kecil. Selain itu,
keselamatan pengguna dan peralatan juga perlu dititikberatkan kerana penukar ciri-ciri
DC-DC yang sedia ada mempunyai isu keselamatan. Oleh itu, system pengecas DC
100kW jambatan aktif ganda (DAB) telah dibangunkan menggunakan perisian
MATLAB/Simulink. Memandangkan pengecas EV berbilang port telah dibangunakan,
DAB telah dikembangkan kepada tiga port pengecas EV DC, yang dikenali sebagai
penukar DC-DC jambatan aktif tiga (TAB) telah ditubuhkan. TAB telah diperkenalkan
untuk mengatasi konfigurasi kompleks penukar multiport sedia ada yang melibatkan
peringkat penukaran berbilang. Kedua-dua DAB dan TAB dimodulasi menggunakan
modulasi anjakan fasa tunggal (SPS) dan diuji di bawah pelbagai sudut anjakan fasa.
Kemudian, kecekapan TAB dinilai di bawah beberapa system beban iaitu 25kW, 50kW,
75kW dan 100kW. Secara, keseluruhannya, TAB dengan system beban 100kW
mempunyai kecekapan yang lebih tinggi berbanding dengan yang lain dengan
menghasilkan 86%, manakala system dengan 75kW mempunyai kecekapan yang paling
rendah iaitu 66%.



ABSTRACT

The world energy crisis resulting the global warming and climate change. The renewable
energy growth is capable to overcome the energy crisis. One of the technology renewable
energies is electric vehicle (EV) where the demand for EV sales has increased every year.
The charging technology need to be improved due to the existing alternating current (AC)
charger has slow charging and limited to the low application. Besides that, the safety of
consumers and equipment should also be emphasized due to current non-isolated DC-DC
converter have safety issue. Therefore, the 100kW DC charger system based on isolated
dual active bridge (DAB) DC-DC converter have been developed using
MATLAB/Simulink software. Since the multiport EV charger have been concerned, the
DAB has been expanded to three ports EV DC charger, known as triple active bridge
(TAB) DC-DC converter is established. The TAB is introduced to overcome the complex
configuration of the existing multiport converter that involving multiple conversion
stage. Both DAB and TAB are modulated using single-phase shift (SPS) modulation and
tested under various of phase-shift angle. Then, the efficiency of TAB is evaluated under
several load systems which 25kW, 50kW, 75kW and 100kW. In overall, the TAB with
100kW load system have the higher efficiency compared to others by producing 86%,
while the system with 75kW have the lowest efficiency with 66%.
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CHAPTER 1

INTRODUCTION

1.1  Project Background

World energy crisis with the technological advancements, greenhouse gas
emissions have grown in recent years which resulting in global warming and climate
change. One of the energy crisis happen is because of increasing of the conventional
automobiles used [1]. The pie chart in Figure 1 shows that the conventional car user is
higher than hybrid car and electric car with 94.2%. From the highest usage of the
conventional automobile, it will contribute to the higher gas emission and air pollution
will harming the environment and human life. These automobile demand will continue

to grow every year due to the number of consumers and economic growth [2].

Electric car 1.54%

- Hybrid car 6.8%

- Conventional car 94.22%
Figure 1.1 Percentage of conventional car used
Source: Joschka Muller (2022)

Energy is the most important factor for sustainability of the world. Global energy
demand is growing every day, and non-renewable energy sources are now meeting many

of it. Non-renewable energy sources are restricted, and their excessive usage has a



negative impact on the environment [3]. To overcome this crisis, renewable energy (RE)
is introduced [4]. RE are gains attention nowadays such as solar and wind turbine. RE
have a few advantages like pollution free, clean energy and environment friendly. In order

to support clean energy, the electric vehicle (EV) is introduced.

In recent years, the worldwide EV industry has been quickly expanding as a result
of significant price reductions and the benefits of great energy efficiency and zero
emissions [5]. EVs can accomplish greater power alteration efficiency, less exhaust
radiations, and vibration, as compared to internal combustion engine (ICE). EV are a
more environmentally friendly, cost-effective alternative and produce green energy

compared to ICE. The growth of EV resulting the high demand of EV charger station.

One of the EV technology is vehicle to grid (V2G) technology [6], [7]. In V2G,
it guarantee that it have a feature like bidirectional power flow [8]. For example, in V2G
the grid can change the EV and during shortage time the system in EV can supply back
the power to the grid. There are two types of chargers of EV. First is Alternating Current
(AC) charger known as on-board, it is for the low application and second is Direct Current

(DC) charger known as off-board, so it usually uses for the high-power application.

Since DC charger have a high power, it can charge the EV faster compare to the
AC charger [9]. This project will only focus on DC-DC converter. The DC-DC converter
that have an advantages of bidirectional power flow, high power density and galvanic
isolation is Dual Active Bridge (DAB). As stated in [10] DAB have two bridge which is

primary bridge and secondary bridge as shown in Figure 1.2.
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Figure 1.2 Dual active bridge
Source: F. Krismer (2005)

Next, one of the advantages DABS is easy to cascade. From the DAB, the Triple
Active Bridge (TAB) is easy to develop from the basic DAB. TAB have a three-port
which is port-one can act as supply or source and the other port-two and port-three act as
load. The Figure 1.3 show the configuration of TAB which is use for energy storage as

state in this paper [11].
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Figure 1.3 Triple Active Bridge
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1.2

Problem Statement

The development of a dependable, efficient, and high-power density charger has

become a major problem as EV technologies evolve. Components, control, and switching

technique are all critical to its operation. However, at this moment the existing AC

chargers have a slow charging time and limit to low application [9]. It will take a longer

time for fully charging. After that, non-isolated DC-DC converter have issue in safety

[12]. It is because, between the input and output, there is an electrical connection in the

non-isolated DC-DC converter. Besides, the existing multiport is complex due to the

multiple conversion stage [13]. It will have high phase current total harmonic distortion

(THD), making it inconvenient.

1.3

14

Objective of the Project
The main objectives of this project are:

1. Todesign two-ports EV DC charger using bidirectional dual active bridge
(DAB) DC-DC converter.

2. To develop three-ports EV DC charger using triple active bridge (TAB)
DC-DC converter.

3. To evaluate the efficiency performance of TAB for various phase-shift

angle and load system.
Scope of the Project

Along with the study, there are a few areas that are fixed to ensure the objectives

can be achieved perfectly. The scopes for this project are

1. Design of DAB circuit using 100 kW by using MATLAB/Simulink

software.
2. Use single phase shift (SPS) as phase shift modulation (PSM).

3. By using multi-winding transformer, the DAB circuit is improved to TAB

circuit.



4. The system has been tested and evaluated for different phase shift angle

under various load systems in open loop mode.

1.5  Thesis Outlines
This thesis is organized into five chapters:

e Chapter 1 provides the overview of the research which include the project

background, problem statement, objective, and scope.

e Chapter 2 discussed the literature review on the technology of electric
vehicle (EV).

e Chapter 3 describes the design of the electric vehicle (EV) charger in
detail. This chapter also provide the detail on simulation.

e Chapter 4 presents the results that obtained in simulation.

e Chapter 5 concludes the simulation, which the author will state the

outcome based on the result and discussion.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter reviews the development, types, and charger in electric vehicle (EV)
applications. Then, the overview, operation principle and advantages of DAB and TAB

converter are discussed.
2.2  Development of Electric Vehicle

An electric vehicle is a car that is partially or entirely powered by electricity. Prior
to the invention of cars with internal combustion engines, vehicles fitted with an electric
motor were constructed. The original versions, built between 1830 and 1840, were clunky
and unstable devices that travelled at a relatively slow speed. The period from the late
19th century to the beginning of the 20th century may be described as an electromobility
boom. During this time, electric car manufacturing has been established in Europe and
the United States.

Electric car production in the United States had reached 10,000 units by the turn
of the century, and their number is many times more than that of gasoline vehicles. In
1899, an electric automobile broke beyond the 100 km/h barrier. This historic occurrence
occurred in the French town of Asher, near Paris. Camille Jenatzy, a Belgian, set the

record for electric vehicles. The car's body was made of aluminium alloy and tungsten.

It resembled the torpedo that had been put in the chassis. The electric vehicle's
body was exposed. It was powered by two motors and weighed around a tonne. The
electric vehicle attained a top speed of 105.88 kilometres per hour. Electric cars built in

the late 19th century are shown in Figure 2.1.



Figure 2.1 Electric car of Belgian Camille Jenatzy, 1899
Source: Dennis David (2013)

In this modern era, electric vehicle is widely used in Europe, North & Central
America, and Asia. It is because of the concerns about the environment and sustainable
energy. It also has attracted the attentions of governments, industries, and customers. The
environmental friendliness and lack of pollutants, the lightweight automobile, the lower
cost, and the inexpensive fuel (electricity) are all advantages of the electric vehicle. The
automobile costs seven to ten thousand dollars, which is three times less than the cost of
filling, making it the most cost-effective option [14].

The availability and convenience of electric vehicle charging infrastructure are
major variables influencing the future development and popularity of electric vehicles.
There are several types of electric cars which are Battery Electric Vehicle (BEV), Hybrid
Electric Vehicle (HEV), Plug-in Hybrid Electric Vehicle (PHEV) and Fuel Cell Electric
Vehicle (FCEV). Next, the electric vehicles can be charging with two type of charger
which are AC charger and DC charger.

2.3 Type of Electric Vehicle Charger

Electric Vehicles (EVs) have been offered as a better option to replace
conventional vehicles, which is gathering a lot of traction. For electric vehicle, there are
two charging methods which are AC charging and DC charging. On-board and off-board

EV battery chargers with unidirectional or bidirectional power flow are available. The



EV's on-board AC-DC converter provides single-phase and three-phase AC power for
charging. Meanwhile, DC charging is accomplished by giving direct DC power to the
EV's battery using off-board AC-DC converter supplies.

2.3.1 ACcharger

The usage of on-board chargers will undoubtedly improve the vehicle's charging
accessibility. In contrast to off-board chargers, on-board chargers are built into EVs and
allow charging in practically any location. As long as a single-phase and three-phase
power source is available. The downside of this design is that an extra DC-AC inverter is
required, as well as space and weight constraints. Figure 2.2 shows the block diagram of

on-board charger.

I, Sl -
power E Electric Vehicle
grid |

' D

—_— On-board Battery ; i | ;
' charger R il Propulsion AC

e (rectifier and 8 machine | propulsion
T system and : z
v | inverter for < mverter machine

- G) battery

Figure 2.2 Block diagram of on-board charger
Source: K. Anusha (2020)

Because of weight, space, and cost limits, typical on-board chargers limit high
power [15]. On-board chargers can be either conductive or inductive. Direct contact
between the connection and the charge intake is used in conductive charging systems
[16].

2.3.2 DC charger

The main of this project will be focus on DC charger due to the advantages. The
DC chargers enable the use of higher-rated circuits. As a result, charging is completed in
a shorter amount of time. It is offered as an outside unit rather than as part of the EV. A
common DC charger can provide a greater DC voltage. As a result, the internal battery
management system (BMS) must be capable of charging the battery by delivering this



voltage. EV Dc chargers can be classified as off-board with unidirectional or bidirectional

power flow. An off-board battery charger is less restricted in terms of size and weight.

2.3.2.1  Unidirectional power flow

Between EVs and the electric grid, two modes of power flow are conceivable.
Figure 2.3 shows the block diagram of basic unidirectional and bidirectional power flow.
Unidirectional is a single power flow direction. Unidirectional chargers allow electric
vehicles to charge but not to inject energy into the power grid. A diode bridge, a filter,

and dc—dc converters are commonly used in these chargers.

- — "| Bidirectional " Bidirectional
& @ Filter AC/DC DC/DC
< [ —— Converter |—— Converter

—s nidirectional Power Flow
<«— Bidirectional Power Flow

Figure 2.3 Block diagram of unidirectional and bidirectional power flow
Source: Dr L Ashok kumar (2020)

To decrease cost, weight, volume, and losses, these converters are now integrated
in a single step [17]. When high-frequency isolation transformers are required, they can
be used [18], [19]. Unidirectional charging is an obvious initial step since it reduces
hardware needs, simplifies connector concerns, and reduces battery deterioration. Figure
2.4 presents an on-board unidirectional full-bridge series resonant charger for Level 1
systems (3.3 kW) similar in [19].
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Figure 2.4 Unidirectional full bridge
Source: G. Choe (2010)

Due to the general simplicity of unidirectional charging control, a utility may
manage severely loaded feeders caused to many EVs relatively easily [20]. Those with
active front ends can use current phase angle control to offer local reactive power supply
without needing to drain a battery. Unidirectional charging research aims to find the best
charging schemes that maximise advantages while also investigating the influence on
distribution networks [20], [21]. Unidirectional chargers can achieve most utility
objectives while avoiding the expense, performance, and safety problems associated with
bidirectional chargers, thanks to a high penetration of electric vehicles and active

regulation of charging current [7].
2.4.1.1 Bidirectional power flow

A bidirectional charging system allows for grid charge, battery energy injection
back into the grid, and power stability with proper power conversion [7]. An active grid
connected bidirectional ac—dc converter enforces power factor, and a bidirectional dc—dc
converter regulates battery current in a conventional bidirectional charger [19]. Non-

isolated or isolated circuit topologies are available for these chargers.

To manage power and reactive power when operating in charge mode, they should
draw a sinusoidal current with a set phase angle. The charger should return electricity in
a sinusoidal pattern in discharge mode[7], [22], [23]. The vehicle-to-grid (V2G) operation
mode of a bidirectional charger allows for charging from the grid, battery energy injection
back to the grid, and power stabilisation [24]. Figure 2.5 displays the non-isolated

bidirectional charger.

10
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Figure 2.5 Non-isolated bidirectional charger
Source: Jean-Michel Clairand (2018)

The control circuitry of this circuit is substantially simplified by the presence of
two switches. However, there are two large and costly high-current inductors that can
only buck in one direction and boost in the other [25]. The Figure 2.6 illustrates the
isolated bidirectional dual active bridge (DAB) charger. The enormous number of

components can contribute to the cost of this circuit, which delivers great power density

and quick control [25].
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Figure 2.6 Isolated bidirectional dual active bridge charger
Source: Jean_Michel Clairand (2018)

Battery deterioration caused to frequent cycling, the high cost of a charger with
bidirectional power flow capabilities, metering concerns, and the need for distribution
system changes are all obstacles that bidirectional power flow must overcome [26]. Other
connectivity challenges, such as anti-islanding protection, must also be addressed.
Chargers at levels 1, 2, and 3 can be unidirectional. Because Level 1 power constraints
and cost objectives are modest, and it is critical to maximise flexibility, bidirectional
chargers are only planned for Level 2 infrastructures. Reverse power flow is incompatible

with the main aim and premise of Level 3 fast charging, which is to reduce connection

11



time and transfer significant energy as rapidly as feasible. There are several converters
that has used bidirectional power flow which are non-isolated converter, isolated

converter and dual active bridge converter.

2.4  Dual Active Bridge

This is especially fascinating given that DAB was founded many years ago,
around 1990 [27]. Some of the applications in which DAB converter can be implemented.
One of the applications is photovoltaic facility specifically is energy storage. The
fundamental concept is to minimise the variation of the PV plant's power production in
order to make grid control easier. DAB converter also of great usefulness in other

applications which are vehicle to grid (V2G) and aerospace.

A DAB is defined by two active bridges coupled by a transformer that is often
designed for high frequencies. One of the advantages DAB is the power-flow can be
bidirectional because both bridges are operational. Bidirectional capabilities alone would
not have led us to choose the DAB as our preferred converter, but galvanic isolation is
particularly significant owing to safety considerations. By electrically isolating the
battery, if a problem arises in the battery, the majority of electricity-related fatalities are
reduced, at least in terms of human safety. Furthermore, when there is a power outage,
the battery must release the previously stored energy to the grid. The DAB topology has
been extensively investigated in a variety of contexts [28].

DAB consists of the DC voltage source, eight power switches Si1— Ss, capacitor,
leakage inductor and transformer. DAB usually operated in such a mode that the
switching frequency of S1-Sg[29]. Operation of DAB interest on having in primary side
operating 50% duty cycle. The power switches producing a VAB that is the voltage
between the S1, and Sa. The secondary side also toggled between Ssand Ss. Starting with
input side S1, Ssand secondary side Ss, Sgstart a bit later. There is a phase shift between
the primary side and secondary side [30] [31]. It is the control method for DAB by a
phase-shift angle. There are several phase-shift control techniques for DAB converter
which are single phase-shift (SPS), expanded phase-shift (EPS), triple phase-shift (TPS)
and double or dual phase-shift (DPS). Figure 2.7 shows the DAB configuration. There
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are several applications that used DAB such as in power supply application, hybrid

vehicle, hybrid energy storage system and renewable energy.
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Figure 2.7 Dual active bridge configuration
Source: K. Sowjanya (2013)

2.5  Triple Active Bridge

A multiport converter is a self-sustaining multiple input/output static power
converter that can interface with a variety of sources, storages, and loads [32]. A multiport
converter combines many sources and may manage power flow and other capabilities
using a control method. The converter is a more advanced form of a DAB-converter. To
simplify the system, an integrated multi-port converter, which uses a single power
conversion stage to interconnect all ports rather than multiple dc-dc conversion stages,

can be implemented.

TAB has a three-port which is port-one can be act as supply or source and the
other port, port-two and port-three can be act as load or vice versa. A two-stage
bidirectional converter with three ports, a dc-dc converter between the source and the
load, and a bidirectional dc-dc converter between the load and the source [33]. TAB can
be design with one-input-two-load or two-load-one-input. The ports of TAB may have
different power ratings and output voltage. The TAB converter is proposed for several

applications in Integration Energy Storage (IES) and DC grid.

There are several advantages of TAB converter such as the flexibility to link
sources with varying voltage ratings by modifying the HF transformer turn ratios, an

integrated controller architecture, zero-voltage switching (ZVS) capabilities, and high-
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power density. TAB converters also have the benefit of utilising a transformer, which not
only converts the voltage ratio but also increases system safety. Aside from galvanic
isolation, a significant benefit of this converter is the simplicity with which the varying

voltage levels of the ports may be matched [33].

This converter has numerous working modes that affect the overall control
system. The operation of TAB converter same as DAB converter by control the phase
shifts and duty cycles. The power flow is controlled by the size of the phase angle, and
the impedance of the circuit. Proper phase shifts of the voltages applied to the transformer
windings can control the power flow [34]. Figure 2.8 shows the TAB configuration. The
phase shifts determine the power flow between the three ports. Mostly TAB is used in

the renewable energy, energy storage and load system.
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Figure 2.8 Triple Active Bridge configuration
Source: M. Michon (2004)
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2.6 Summary of the Literature Review

Since the AC charger is used for the low power applications which is slow
charging, this project will only focus on high power applications which use only DC
charger. In DC charger, it has a DC-DC converter which divided into two types,
unidirectional and bidirectional. Unidirectional only have one way direction of power
flow meanwhile the bidirectional have two ways of direction power flow. In bidirectional,
it has two types of circuit which are non-isolated and isolated. For the isolated type, it has
a few types such as CUK, single-ended primary-inductor converter (SEPIC) and DAB.
This project only focuses on DAB due to its advantages. From the DAB due to the have
feature easy to cascade, the DAB will expand into TAB configuration. Figure 2.9 shows

the graphical summary of substantial literature in this research work.

EV

AC charger _

Unidirectional _

Non-isolated -

CUK SEPIC DAB

Figure 2.9 Summary of the literature for the project
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter discussed the simulation work of DAB and TAB circuit. The 100-
kW DAB system was simulated using MATLAB/Simulink. Then, the existing DAB was
expanded to develop the three-port system, which is TAB system. The TAB circuit with

various system and load was simulated using MATLAB/Simulink.
3.2  Flow Chart of the Project

The project starting with the objective 1 which is to design the 100 kW two-ports
electric vehicle (EV) DC charger using DAB converter. The calculation parameters for
the DAB converter system were set based on the required design parameters. After that,
the design circuit is developed by using MATLAB/Simulink software. The DAB is
designed using single-phase shift (SPS) modulation. the SPS modulation because it is

simple and not complex to used due to only one angle need to be controlled.

After the DAB is successful working with SPS modulation, the system is applied
to various phase shift angle where the maximum phase shift angle is 90 “and the minimum
phase shift angle is 0 The phase shift angle needs to be proportional to the DAB output
power, to make the system function correctly. Secondly, objective 2 is to develop 100
kW three-ports EV DC charger using triple active bridge (TAB) DC-DC converter by
using MATLAB/Simulink software. For the second objective, the TAB will be cascaded
from the existing DAB circuit in objective 1.

The evaluation part for the TAB circuit then is proceeded in term of power balance

for input and output side. Lastly, the system will be applied to the various phase-shift
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angle and load systems in order to analyze the efficiency performance. Figure 3.1 shows

the overview of the flow chart of this project.

Objective 1
Design 100 KWV two-poris electric
wvehicle (EV) DC charger using
DAE converter

¥

Apply SPSE modulation

¥

Apply various phase shift angle

A

Phase shift angle is
proportional to power?

Objective 2
Develop 100 KW three-poris EWV
DC charger using iriple active
bridge (TAB) DC-DC converter

Achieve the power
balance?

Objective 3
Evaluate the efficiency performance of
TAE for various phase-shift angle and
load system

¥

Analysis the result

Figure 3.1 Flowchart of the project
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3.3 Theoretical Calculation
3.3.1 DAB system

Table 3.1 consists of the parameters that have been used for calculation of DAB
DC-DC converter. Due to the high-power application, the rated power, Pout that be used
Is 100 kW. The input voltage, Vin of this system is 500 V, and the output voltage, Voutis
850 V. Besides that, this system also uses a high switching frequency, fsw which is 16
kHz.

Table 3.1 Parameters for DAB system

Description Value
Rated Power, Poyt 100 kW
Input Voltage, Vin 500 vV
Output Voltage, Vou 850 V
Switching Frequency, fow 16 kHz
Leakage Inductor, L 16.60 uH
Turn Ratio, n 1:2

Several parameters such as input voltage, output voltage, switching frequency,
output power and turn ratio has been taken from this paper [13] as stated in Table 3.1.
From that parameter, the resistor, R and leakage inductor, Lk can be found by using the
equation 3.1 where the value of Lkis equal to 16.60 uH. The maximum of phase-shift
angle is used in this calculation, which is a = 90°. The value of a need to be converted

into radian by using the equation 3.2 where the 6 is equal to 1.5708 rad.

N XVin X Vout X 0 7 31
P= )X (11—
2nfsw X Lk s
100 = 0.5 x 500 x 850 x 1.5708 (1 1.5708
= ( 21 X 16k x Lk ) *(
Lk = 16.60 uH
a’ X w 32
0 =
( 180° )
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3.3.2 TAB System

Table 3.2 shows the parameter for TAB system. The main system used 100 kW,

500 V for the input voltage, 850 V for the output voltage, 16 kHz for switching frequency
and turn ratio is set as 1:1:1.

Table 3.2 Parameters for TAB system

Description Value
Rated Power, Pout 100 kW
Input Voltage, Vin 500 vV
Output Voltage, Vout 850 V
Switching Frequency, fsw 16 kHz
Leakage Inductor, L 10.5 uH :33 puH : 33 uH
Turn Ratio, n 1:1:1

The value of leakage inductor, Lk for the TAB have slightly different with the
value Lx DAB circuit due to achieve power balance between Port 1, P1, Port 2, P2 and

Port 3, P3. From the Table 3.2, current and resistor for 75 kW, 50 kW and 25 kW system
can be calculated by using 3.3 and 3.4.

P=1IxV 3.3

V=IXR 3.4
For 75kW system:

1= (72X —g8244

850V

R— 850V
88.24 A

) =9.630
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For 50kW system:

50k

1= 2Ky =58824
850 V

R=(80Vy =14450
58.82 A

For 25kW system:

1= (22K —29414
850 V

R= (89V ) =289q
2941 A

3.4  Simulation Design of DAB

This simulation of DAB converter circuit is designed by using
MATLAB/Simulink software. This circuit is used for high power application. Table 3.1
tabulates the parameters of the simulation DAB DC-DC converter. The rated power of
the circuit is expected at 100 kW with maximum phase-shift angle which is 90°. The
input voltage is set at 500 V and the expected output voltage is 850 V. Due to the high-
power application, switching frequency that been used in this system us 16 kHz. Based

on the theoretical calculation, the value of leakage inductor that be used is 16.60 uH.
3.4.1 DAB Converter for Forward Direction

In forward direction of DAB DC-DC converter, the power flow from the primary
side to secondary side. The primary side is acting as source or supply and the secondary
side acts as a load. Figure 3.2 shows the forward circuit of DAB DC-DC converter. The
source of the primary side can be any DC sources, while at the secondary side, it can be
the load which is battery of EV. In the forward direction, the voltage pulse in primary
side is leading voltage pulse in the secondary side with a certain value of phase-shift

angle.
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Figure 3.2 DAB converter for forward direction

3.4.2 DAB Converter for Reverse Direction

For reverse direction in DAB DC-DC converter, the power is flowing from the
secondary side to the primary side through the high frequency transformer. In this mode,
the secondary side acts as a source and the primary side functions as load. Figure 3.3
shows the DAB DC-DC converter for the reverse direction. In the reverse direction, the

voltage pulse in primary side is lagging to the voltage pulse in secondary side with a

! @w
i

PRIMARY SIDE ' SECONDARY SIDE

LOAD SOURCE
Figure 3.3 DAB converter reverse direction

certain value of phase-shift angle.

—




Figure 3.4 shows the pulse generator in MATLAB/Simulink for set up the phase
shift angle. It shows that the phase delay at the primary side have been set with 90°. The

primary side will receive the maximum load from the secondary side in the reverse DAB
circuit.

Block Parameters: Pulse Generator X
ena

Pulse type determines the computational technique used.

Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver or within
a discrete portion of a model using a variable step solver.

Parameters
Pulse type: Time based v
Time (t): Use simulation time @
Amplitude:
1 B

Period (secs):
[1/20000 [E

Pulse Width (% of period):
[50 [E

Phase delay (secs):
|(90*(1/20000)/360) E

Interpret vector parameters as 1-D

J Cancel Help Apply
Figure 3.4 Pulse generator setting for primary side

Figure 3.5 display the pulse generator setting for the secondary side. The phase
delay will be set with 0 value. It is because the secondary side function as a source. This
pulse generator shows the different setting between the primary side and secondary side
of the circuit.
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Block Parameters: Pulse Generator2 X
ena

Pulse type determines the computational technique used.

Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver or within
a discrete portion of a model using a variable step solver.

Parameters
Pulse type: Time based 2
Time (t): Use simulation time 2
Amplitude:
1 B

Period (secs):
|1/20000 [E

Pulse Width (% of period):
50 [E

Phase delay (secs):
o i

Interpret vector parameters as 1-D

J Cancel Help Apply

Figure 3.5 Pulse generator setting for secondary side

3.5  Simulation Design of TAB

This simulation of TAB converter circuit is design by using MATLAB/Simulink
software. This circuit is design for high power application. The Table 3.3 shows the
parameters of the simulation TAB DC-DC converter. The rated power of the circuit is
expected at 100 kW with maximum phase-shift angle which is 90°. The input voltage is
set at 500 V and the expected output voltage is 850 V. Due to the high-power application,
switching frequency that been used in this system us 16 kHz.

3.5.1 TAB Converter

TAB can be developed with flexible design of input and output. It can be
developed or design with one-input-source-two-output-load or two-input-source-one-
output-load. If it designs with configuration one-source-two-load, one of the ports will
be the source and the other two port will be as load as shown in Figure 3.6. If it designs
with two-input-source-one-output-load, two ports will be connected to the grid or
renewable energy source and one port will be the load as show in Figure 3.7. The suitable
design of structure is determined based on the input and output data.
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(@]

Figure 3.7 Two-input-one-output configuration

High efficiency is a desirable characteristic for this converter. The power-flow
can be bidirectional because both bridges are operational. The two converters' power
switches work at the same frequency switching, but with different duty cycles. The phase
shifts control the power flow between the three ports. The power flow is going through
the multi-winding transformer. The transformer is an important part of the system. The
transformer is used to transfer power, and inductors are used as energy transfer elements.

It offers voltage matching and isolation.
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When the switching frequency is fixed, phase shifts and leakage inductances
affect the power flow through the transformer [35]. While transmitting the same amount
of power, a smaller leakage inductance leads to a smaller phase shift. The transformer's
leakage inductance is key since it is responsible for power transmission. Figure 3.6 show

the TAB converter circuit.

l
]

SOURCE

d

PORT 3, P3

Figure 3.8 TAB converter circuit
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter summarised the results of the DAB circuit using 100 kW system
models that are constructed by using MATLAB/Simulink. The performance of the DAB
system has been analyzed in forward direction and reverse direction. Besides, the results
of TAB circuit with various load systems also have been explained in details. The

efficiency of the TAB system has been evaluated for various phase-shift angle and loads.
4.2 Simulation Results for Dual Active Bridge System
4.2.1 Results for DAB in Forward Direction

Figure 4.1 shows the result of the voltage pulse of the primary side and secondary
side for the forward direction DAB DC-DC converter with the maximum phase angle of
90°. The voltage pulse of primary side, V1 is leading the voltage pulse of secondary side,
V2 or the secondary side, V2 is lagging the primary side, V1 by 90°. The shifting between
the both pulses changed according to the value of phase-shift angle that was setting in
pulse generator. The value of voltage in the primary side is 200 V while for the value of

voltage in the secondary side is 400 V.
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Figure 4.1 Voltage pulse at primary and secondary side in forward direction

In the forward direction, the converter's output voltage and output current are
shown in the Figure 4.2 at 90° of phase-shift angle. The output voltage for the DAB DC-
DC converter in forward direction with 90° phase-shift angle is 380 V. Due to the losses,
the value of output voltage is slightly drop. The output current for the forward circuit

with the maximum phase-shift angle is 71 A.

N\

380V
Voltage, V
71A
Current, A

Time, s

Figure 4.2 Output volatge and output current for forward circuit at 90°

27



4.2.2 Results for DAB in Reverse Direction

Reverse direction is the power flow from the secondary side to primary side. The
secondary side will act as source or supply and the primary side will act as load. Figure
4.3 displays the results of the voltage pulse waveform of the transformer in reverse
direction of DAB DC-DC converter circuit with maximum phase angle 90°. The value of
voltage in primary side is 200 V and the secondary side is 400 V. The reverse direction
of DAB DC-DC converter can be analyzed. It shows the voltage pulse of primary side,
V1 is lagging with the voltage pulse at secondary side, V2 or the secondary side, V2 is

leading the primary side, V1 by 90°.

200V,

Vi

V2

Figure 4.3 Primary and secondary voltage

Figure 4.4 demonstrates the output voltage and output current for the reverse
direction of the DAB DC-DC converter at 90° of phase-shift angle. The value of the
output voltage of the DAB DC-DC converter in reverse direction is 173 V as shown in
Figure 4.4. The value of the output voltage is different with the input voltage due to the
losses in the circuit. The value of the output current is 130 A with the maximum phase-

shift angle which is 90°.
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Figure 4.4 Output voltage and output current for reverse direction

4.3  Simulation Results for Triple Active Bridge System
4.3.1 100 kW TAB System

The table 4.1 illustrates the result simulation of the 100-kW system for TAB. It
shows that the input power, output power port 2, output current port 2, output voltage
port 2, output power port 3, output current port 3, output voltage port 3 and efficiency for

same phase shift angle at load sides.

Table 4.1 Result of the 100 kW TAB system (same phase-shift angle at the output side)

2 () Pin(kW) PoP2 loP2 VoP2 PoP3 10P3 VoP3
kW) A M W) A V) ()
0:90:90 106 53 114 465 53 114 465 100
0:75:75 94 46 100 466 46 100 466 97
0:60: 60 75 34 79 438 34 79 438 93
0:45:45 58 23 61 386 23 61 386 81
0:25:25 47 12 48 265 12 48 265 55

From the table 4.1, when both port 2 and port 3 is set to 90° which is the maximum
phase shift angle, the efficiency is 100%. Besides that, the value of output voltage and

current for port 2 is equal to output voltage and current in port 3 and it shows the power
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balance between the input and output side. When the port 2 and port 3 is set to 25° angle
for, the efficiency is 55% which is lowest efficiency for this system. From the results it
shows that the efficiency is decrease when the phase-shift angle decreases and the higher
efficiency occurs at the maximum phase shift angle.

Figure 4.5 shows the output waveform for all ports when both secondary side of
100kW TAB is applied with 90°. The input voltage value for port 1 is 466 V and the input
current for port 1 is 228 A. While for output side, the value of the output voltage and

output current for port 2 and port 3 is same which is 465 V and 114 A, respectively.

,,,,, ' ' ] ' 466V
PORT 1 : : : : : . :
- 228 A
. : ‘ 465V - -
PORT 2 ' | | :
o 114 A
I — I 465V
PORT 3 | ! | |
W — ‘1144 : :

CED 0.3 035

Figure 4.5 Output voltage and current for 100kW with 0°:90°:90°

Table 4.2 shows the result for 100 kW TAB system when the load sides were
applied with different phase-shift angle, where the port 2 have been set fixed at 90°angle

and port 3 with various phase-shift angle.
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Table 4.2 Result of the 100 kW TAB system (different phase-shift angle at the output
side)

3 () Pin(kw) PoP2 1oP2 VoP2 PoP3 10P3 VoP3
kW) A ) KwW) &) ()
0:90:75 101 62 124 508 37 88 419
0:90:60 104 40 76 526 28 83 34
0:90:45 99 50 94 531 15 58 258
0:90:25 103 53 105 508 6.9 60 116
0:90:0 111 49 103 476 65 88 74

With the different phase shift angle apply at the port 3, it shows the different value
of output between these two ports. From the table, it shows the output power for port 2 is
higher than the port 3 due to port 2 have the higher phase-shift angle which is 90°. The
output voltage and output current also have a different value due to the different phase
shift angle. However, the total of output power for port 2 and port 3 are equal to the output
power of port 1. Hence, it shows that the power in TAB are still balance even the phase-

shift angles are different at port 2 and port 3.

Figure 4.6 shows the output waveform for all ports when secondary side of
100kW TAB is applied with 90° and 45° at port 2 and port 3, respectively. The input
voltage and current value for this condition is 473 V and 180 A. From the Figure 4.2, the
output voltage for port 2 is higher than port 3 which is 525 V for port 2 and 258 V for
port 3. The output current for port 2 is also greater than the output current for port 3,
measuring 152 A versus 58.9 A.
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Figure 4.6 Output voltage and current for 100kW with 0°:90°:45°

4.3.2 75 kW TAB System

The table 4.3 illustrates the result simulation of the 75-kW system for TAB. It
shows that the input power, output power port 2, output current port 2, output voltage
port 2, output power port 3, output current port 3, output voltage port 3 and efficiency for

same phase shift angle at load sides.

Table 4.3 Result of the 75 kW TAB system (same phase shift angle at the output side)

% () Pin(kW) PoP2 IoP2 VoP2 PoP3 1oP3 VoP3
(kw) (A VM kw) A M (%)
0:40: 40 54 26 63 465 26 59 464 97
0:30:30 46 18 52 385 18 47 385 80
0:25:25 40 14 71 348 14 41 347 10
0:15:15 48 11 70 239 11 49 237 48
0:10:10 56 9.6 83 171 96 57 167 34

From the table 4.3, when both port 2 and port 3 is set to 40° which is the maximum
phase shift angle, the efficiency is 97%. Besides that, the value of output voltage and
current for port 2 is equal to output voltage and current in port 3 and it shows the power
balance between the input side and output side. When the port 2 and port 3 is set to 10°

angle for the efficiency is 34% which is lowest efficiency for this system. From the result
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it shows that the efficiency is decrease when the phase shift angle decreases and the

higher efficiency occurs at the maximum phase shift angle.

Figure 4.7 shows the output waveform for all ports when both secondary side of
the 75kW TAB is applied with 40°. The input voltage value for port 1 is 479 V and the
input current for port 1 is 113 A. While for output side, the value of the output voltage

and output current for port 2 and port 3 is same which is 464 V and 56 A, respectively.

479V
PORT1
113 A
_-__7/_—-_'7 = o= GRS

. [ I [ I ‘464 V
PORT2 | : 1

. 56 A

T T - I 464 V
PORT 3 i | : | .

N — 56A p———

Figure 4.7 Output voltage and current for 75kW with 0°:40°:40°

Table 4.4 shows the result for 75 kW TAB system when the load sides were
applied with different phase-shift angle, where the port 2 have been set fixed at 40° angle
and port 3 with various phase-shift angle.

Table 4.4 Result of the 75 kW TAB system (different phase-shift angle at the output
side)

3 () Pin(kw) PoP2 1oP2 VoP2 PoP3 10P3 VoP3
kW) @ () W) A (V)
0:40:30 48 41 84 488 26 80 335
0:40:25 47 34 69 499 14 50 282
0:40:15 49 37 77 493 11 80 139
0:40:10 53 36 74 481 5 93 57
0:40:0 57 34 74 470 1 104 1
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With different phase-shift angle apply at the port 3, it shows the different value
of output between these two ports. From the table, it shows the output power for port 2 is
higher than the port 3 due to port 2 have the higher phase-shift angle which is 40°. The
output voltage and output current also have a different value due to the different phase-
shift angle. However, the total of output power for port 2 and port 3 are equal to the output
power of port 1. Hence, it shows that the power in TAB are still balance even the phase-

shift angles are different at port 2 and port 3.

Figure 4.8 shows the output waveform for all ports when secondary side of 75kW
TAB is applied with 40° and 10° at port 2 and port 3, respectively. The input voltage and
current value for this condition is 485 V and 110 A. From the Figure 4.8, the output
voltage for port 2 is higher than port 3 which is 481 V for port 2 and 57 V for port 3.

- 485V ¢

PORT1 |.. 1 :

\ 110 A

[ 481V |
PORT2 [
74 A
57V

PORT 3 | :

. 93 A

ol e——

Figure 4.8 Output voltage and current for 75kW with 0°:40°:10°
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4.3.3 50 kW TAB System

The table 4.5 illustrates the result simulation of the 50-kW system for TAB. It
shows that the input power, output power port 2, output current port 2, output voltage
port 2, output power port 3, output current port 3, output voltage port 3 and efficiency for

same phase shift angle at load sides.

Table 4.5 Result of the 50 kW TAB system (same phase-shift angle at the output side)

2 () Pin(kw) PoP2 1oP2 VoP2 PoP3 10P3 VoP3
kW) A M kW) A M (%)

0:25:25 38 19 39 495 19 39 495 99
0:24:24 39 19 41 474 19 41 474 98
0:20:20 31 13 31 415 13 31 415 85
0:15:15 37 12 37 344 12 37 344 70
0:10:10 45 11 46 244 11 46 244 48

From the table 4.5, when both port 2 and port 3 is set to 25° which is the maximum
phase shift angle, the efficiency is 99%. Besides that, the value of output voltage and
current for port 2 is equal to output voltage and current in port 3 and it shows the power
balance between the input and output side. When the port 2 and port 3 is set to 10° angle
for the efficiency is 48% which is lowest efficiency for this system. From the results it
shows that the efficiency is decrease when the phase-shift angle decreases and the higher

efficiency occurs at the maximum phase-shift angle.

Figure 4.9 shows the output waveform for all ports when both secondary side of
50kW TAB is applied with 25°. The input voltage value for port 1 is 485 V and the input
current for port 1 is 78 A. While for the output side, the value of the output voltage and
output current for port 2 and port 3 is same which is 495 V and 39 A, respectively.
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Figure 4.9 Output voltage and current for 50 kW with 0°:25°:25°

Table 4.6 shows the result for 50 kW TAB system when the load sides were
applied with different phase-shift angle, where the port 2 have been set fixed at 25°angle

and port 3 with various phase-shift angle.

Table 4.6 Result of the 50 kW TAB system (different phase-shift angle at the output
side)

g () Pin (kW) PoP2 1oP2 VoP2 PoP3 [loP3 VoP3
kW) A M &Kw) &) (V)
0:25:8 39 30 58 527 9 84 116
0:25:7 42 31 60 519 7 94 79
0:25:6 42 31 60 519 7 94 79
0:25:5 44 30 58 514 5 97 52
0:25:0 47 30 58 505 1 108 13

With the different phase shift angle apply at the port 3, it shows the different value
of output between these two ports. From the table, it shows the output power for port 2 is
higher than the port 3 due to port 2 have the higher phase-shift angle which is 25°. The
output voltage and output current also have a different value due to the different phase
shift angle. However, the total of output power for port 2 and port 3 are equal to the output
power of port 1. Hence, it shows that the power in TAB are still balance even the phase-
shift angles are different at port 2 and port 3.
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Figure 4.10 shows the output waveform for all ports when secondary side of
50kW TAB is applied with 25° and 5° at port 2 and port 3, respectively. The input voltage
and current value for this condition is 488 V and 90 A. From the Figure 4.10, the output
voltage for port 2 is higher than port 3 which is 514 V for port 2 and 52 V for port 3.

488 V

90 A

o e

. BN

PORT 2 :Z: :

58 A

Iiii‘ 52V

PORT3| ™ ; : | | L : 1
:;::}/ S S

Figure 4.10 Output voltage and current for 50kW with 0°:25°:5°

4.3.4 25 kW TAB System

The table 4.7 illustrates the result simulation of the 25-kW system for TAB. It
shows that the input power, output power port 2, output current port 2, output voltage
port 2, output power port 3, output current port 3, output voltage port 3 and efficiency for
same phase shift angle at load sides.

Table 4.7 Result of the 25 kW TAB system (same phase-shift angle at the output side)

? () Pin (kW) PoP2 1o0P2 VoP2 PoP3 1o0P3 VoP3 n
kw) (A M kW) (A Y EECO)

0:11:11 17 8 19 487 8 17 487 94
0:10:10 26 11.7 16 438 11.7 26 438 90
0:9:9 26 11 16 438 11 26 438 85
0:8:8 20 8.4 42 401 8.4 21 400 84
0:5:5 32 10 55 307 10 33 304 62
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From the table 4.7, when both port 2 and port 3 is set to 11 °which is the maximum
phase shift angle, the efficiency is 94%. Besides that, the value of output voltage and
current for port 2 is equal to output voltage and current in port 3 and it shows the power
balance between the input and output side. When the port 2 and port 3 is set to 5°angle
for, the efficiency is 62% which is lowest efficiency for this system. From the results it
shows that the efficiency is decrease when the phase-shift angle decreases and the higher

efficiency occurs at the maximum phase shift angle.

Figure 4.11 shows the output waveform for all ports when both secondary side of
25kW TAB is applied with 11°. The input voltage value for port 1 is 492 V and the input
current for port 1 is 35 A. While for output side, the value of the output voltage and output

current for port 2 and port 3 is same which is 487 V and 19 A, respectively.

492V

1 L i
T T T
a0
2o
1 L i
a4 =] 52

' 487V

PORT 2 o
o — 19A
'487 V

PORT3 | = | : | | : :
19A

Figure 4.11 Output voltage and current for 25kW with 0°:11°:11°

Table 4.8 shows the result for 25 kW TAB system when the load sides were
applied with different phase-shift angle, where the port 2 have been set fixed at 11°angle

and port 3 with various phase-shift angle.
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Table 4.8 Result of the 25 kW TAB system (different phase-shift angle at the output

side)

3 () Pin(kw) PoP2 1oP2 VoP2 PoP3 10P3 VoP3
kW) A M &KwW) A& ()
0:11:4 28 20 39 518 13 81 164
0:11:3 28 20 39 518 13 81 164
0:11:2 32 19 36 517 9 87 111
0:11:1 38 19 38 505 4 102 42
0:11:0 41 19 38 499 1 108 15

With the different phase shift angle apply at the port 3, it shows the different value

of output between these two ports. From the table, it shows the output power for port 2 is

higher than the port 3 due to port 2 have the higher phase-shift angle which is 11°. The

output voltage and output current also have a different value due to the different phase

shift angle. However, the total of output power for port 2 and port 3 are equal to the output

power of port 1. Hence, it shows that the power in TAB are still balance even the phase-

shift angles are different at port 2 and port 3.

Figure 4.12 shows the output waveform for all ports when secondary side of

25kW TAB is applied with 11° and 2° at port 2 and port 3, respectively. The input voltage

and current value for this condition is 492 V and 66 A. From the Figure 4.12, the output

voltage for port 2 is higher than port 3 which is 517 V for port 2 and 111 V for port 3.

200

‘ I [ [ [ ' 492V

- NR 66 A

517V |

36 A

—

111V

87 A

Figure 4.12 Output voltage and current for 25kW with 0°:11°:2°
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4.4  Efficiency of the system

4.4.1 100 kW TAB System

Efficiency of 100 kW System
100
90
20
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o] 20 40 60 80 100 120

Efficiency, n (%)

Figure 4.13 Efficiency of 100 kW TAB system

Figure 4.13 shows the graph of efficiency for the 100-kW system. It shows that
the value of efficiency is increase when the higher phase shift angle is set. It reaches
100% efficiency when the maximum phase shift angle is set. The lowest efficiency is

55% occurs at 25°angle.

442 75kW TAB System

Efficiency of 75 kW System
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Figure 4.14 Efficiency of 75 kW TAB system

The highest efficiency occurs at 40 °angle which is almost 97% that be show in
the Figure 4.14. From the Figure 4.14, the lowest efficiency is 34% occurs at 10°angle.
It shows that the minimum phase shift angle will equal to lower efficiency.



45 Discussion

From the result it can be conclude that, the DAB has more advantages which is
bidirectional power flow. In the simulation, it shows that the DAB can be developed in
two condition which is forward power flow and reverse power flow. Another advantage

of DAB is easy to cascade. From the basic DAB circuit, TAB is easily to develop.

In the simulation, the TAB circuit has achieved the power balance between input
port and output port. In TAB also, when the maximum phase shift angle is set, the
efficiency value is reach almost 100%. Then, the lowest efficiency at the lowest phase
shift angle. TAB also produces the output balance for all system. Lastly, it can work at

various phase shift angle.
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CHAPTER 5

CONCLUSION

51 Conclusion

In the conclusion, the two-ports electric vehicle (EV) DC charger using
bidirectional dual active bridge (DAB) DC-DC converter have been designed using
MATLAB/Simulink. The DAB circuit has able to reached the maximum power flow for
the 100-kW system. After that, the three-ports EV DC charger using triple active bridge
(TAB) DC-DC converter have been successful developed using MATLAB/Simulink.
The power balance has been achieved between the output port 2 and output port 3. Lastly,
the efficiency performance of TAB for various phase-shift angle and load system have
been analysed. It has been showed that the 100-kW system is have the greatest efficiency
among with the various system and load by producing average 86%. The higher
efficiency occurs at the maximum phase shift angle by producing 100% and the lowest

efficiency occurs at the lowest phase shift angle with 55%.
52  Recommendation

In this research, the high efficiency isolated three-port DC-DC converter for DC
charger stations has been developed. With the advantages of the DAB circuit, it easily
cascades into TAB and has been designed. It has been tested with the 100kW, 75kW,
50kW and 25kW system to study the efficiency. Other than that, the efficiency between
various load system has been evaluate. The 100kW system have show the better

efficiency compare to other system.
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More research could be conducted for further study which is how to decrease the
power loss for the high system of the DC-DC converter. Other than that, to designed the
multiport converter that have more than three-port and evaluate its efficiency.
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APPENDIX A

Full result of TAB system with same phase shift angle

Load (kW) | Shift Angle,s (*)| Input Current (A) Input Volt (V) Input Power (kW) Output Current Port 2 (A) Output Voltage Port 2 (V)

0:90:90 241 452 106 121 471

0:75:75 199 460 94 99 469

100 0:60:60 203 459 75 111 441
0:45:45 163 467 59 82 388

0:25:25 170 466 47 85 266
0:40:40 113.9 474 54.6 63.8 465.7
0:30:30 95 479 46 52 385.5

75 0:25:25 82.9 471 40 71.6 348
0:15:15 98.6 471.8 48.3 70 239
0:10:10 114.5 466 56 83.8 171.8
0:25:25 78.5 485 38.1 39.3 495.7
0:24:24 82 489 40 26.8 474.9
50 0:20:20 63.5 478 31 53 415.8
0:15:15 75 481 37 45 345

0:10:10 93 474 45.8 64 247

0:11:11 35 492 17 19.4 487.9

0:10:10 53.39 493.5 26 16.2 438.8

25 0:9:9 53.4 493.5 26 16.2 438.8
0:8:8 42.5 483 20 42 401

0:5:5 66 477.9 32.5 55 307

Output Power Port 2 (kW) Qutput Current Port 3 (A) Output Voltage Port 3 (V) Output Power Port 3 (kW) Efficiency (%)
53 114 466 53 100
46 100 466 46 98
35 80 439 35 93
24 61 387 24 81
13 48 266 13 55

26.5 59.9 464.7 26.5 97
18.3 47.5 385.1 18.3 80
14 41.5 347 14 70
11.7 49 237 11.7 48
9.6 57.3 167.8 9.6 34
19 39.3 495 19 99.7
19.5 41 474.8 19.5 98
13.2 31.7 415.3 13.2 85
13 37.6 344 13 70
11 46.6 244.5 11 48
8 17.7 487.8 8 94
11.7 26.7 438 11.7 90
11 26.7 438 11 85
8.4 21 400 8.4 84
10 33 304.6 10 62
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APPENDIX B

Full result of TAB system with various phase shift

Load (kw) | Shift Angle,@ (“)|1in (A)] v in (V)| P in (kw)] 1o Port 2 () | Vo Port 2 (V)| Po Port 2 (kw)] lo Port 3 (A)| Vo Port 3 (V)| Po Port 3 (kw) | Efficiency (%)
0:90:75 222 455 101010 124 508 62992 B85 419 37081.5 99
0:90:60 230 | 453.6 | 104328 76.8 526.7 40450.56 83.7 341 28541.7 66
0:90:45 219 456 99864 94.8 531 50338.8 58.9 2589 15249.21 66
0:90:25 2276 454 103330 105.9 508.9 53892.51 60 116 6960 59
100 0:90:0 247 450 111150 103.7 476 49361.2 B8 7.4 651.2 45
0:75:90 214 467 99938 B85 419 37081.5 124 503 62372 100
0:60:90 230 | 453.6 | 104328 83.7 341 28541.7 76.8 526.7 40450.56 66
0:45:90 219 456 99864 58.9 258.9 15245.21 94.8 531 50338.8 66
0:25:90 227.6| 454 103330 60 116 6960 105.9 508.9 53892.51 59
0:0:90 247 450 111150 88 7.4 £651.2 103.7 476 49361.2 45
0:40:30 101 482 48682 84 488.7 41050.8 80 335 26800 139
0:40:25 98 483.6 |47392.80 69 499 34431 50 282 14100 102
0:40:15 102.5| 485 |49712.50 77 493 37961 80 139.8 11184 99
0:40:10 110.9| 485 |53786.50 74.9 481.8 36086.82 93.3 57.7 5383.41 77
75 0:40:0 118 485 |57230.00 74.3 470.7 345973.01 104 11 1144 63
0:30:40 101 | 482.6 |48742.60 80 335 26800 84.2 488.7 41148.54 138
0:25:40 98.2 | 483.6 |47489.52 50 282 14100 69 499 34431 102
0:15:40 102.5| 485 |49712.50 80 1359.8 11184 77 493 37961 99
0:10:40 110.9| 485 |53786.50 93 57.7 5366.1 74.9 481.8 36086.82 77
0:0:40 118 485 |57230.00 104 11 1144 74.3 470.7 34973.01 63
0:25:8 81.8 | 488.8 |39983.84 58.7 527.1 30940.77 B84.7 116 9825.2 102
0:25:7 86.98 | 488.6 |42498.43] 60.9 519.5 31637.55 94.8 791 7498.68 92
0:25:6 #6.9 | 488.6 |42459.34 60.9 519.5 31637.55 94.8 79.1 7498.68 92
0:25:5 90.7 488 [44261.60 58.9 514.7 30315.83 97.8 528 5163.84 80
50 0:25:0 97.9 488 |47775.20 59.9 505 30249.5 108.7 13 1413.1 66
0:8:25 #1.8 | 488.8 |39983.84 84.7 116 9825.2 58.7 527.1 30940.77 102
0:7:25 86.98 | 488.6 |42498.43| 94.8 79.1 7498.68 60.9 519.5 31637.55 92
0:6:25 #6.9 | 488.6 |42459.34 94.8 79.1 7498.68 60.9 519.5 31637.55 92
0:5:25 90.7 488 [44261.60 97.8 52.8 5163.84 58.9 514.7 30315.83 20
0:0:25 97.9 488 [47775.20 108.7 13 1413.1 59.9 505 30249.5 66
0:11:4 58.8 | 492.5 |28982.52 39.9 518.8 20700.12 81.2 164.6 13365.52 118
0:11:3 58.8 | 492.5 |28982.52 39.9 518.8 20700.12 B1.2 164.6 13365.52 118
0:11:2 66 492 132472.00 36.7 517.8 19003.26 87 111 9657 28
0:11:1 78.7 | 491.5 |38681.05 38.6 505 19453 102.6 42.6 4370.76 62
25 0:11:0 84.4 | 491.1 |41448.84 38.3 499 19111.7 108.6 15.7 1705.02 50
0:4:11 58.8 | 492.9 |28982.52 81.2 164.6 13365.52 39.9 518.8 20700.12 118
0:3:11 58.8 | 492.5 |28982.52 81.2 164.6 13365.52 39.9 518.8 20700.12 118
0:2:11 66 492 132472.00 87 111 9657 36.7 517.8 15003.26 28
0:1:11 78.7 | 491.5 |38681.05 102.6 42.6 4370.76 38.6 505 19493 62
0:0:11 84.4 | 491.1 |41448.84 108.6 15.7 1705.02 38.3 499 19111.7 50
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