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Abstract: Renewable energy systems and electric vehicles (EVs) are receiving much attention in
industrial and scholarly communities owing to their roles in reducing pollutant emissions. Integrated
energy systems (IES), which connect different types of renewable energies and storages, have become
common in many applications, such as the grid-connected photovoltaic (PV) and battery systems,
fuel cells and battery/supercapacitor in EVs. The advantages of all energy sources are maximized
by utilizing connection and control strategies. Because many storage systems and household loads
are mainly direct current (DC) types, the DC grid has considerable potential for increasing the
efficiency of distribution grids in the future. In IES and future DC grid systems, the triple active
bridge (TAB) converter is an isolated bidirectional DC-DC converter that has many advantages
as a core circuit. Therefore, this paper reviews the characteristics of the TAB converter in current
applications and suggests next-generation applications. First, the characteristics and operation modes
of the TAB converter are introduced. An overview of all current applications of the TAB converter
is then presented. The advantages and challenges of the TAB converter in each application are
discussed. Thereafter, the potential future applications of the TAB converter with an adaptable power
transmission design are presented.

Keywords: triple active bridge; integrated energy systems; DC grid; isolated bidirectional DC-DC
converter; multiport converter

1. Introduction

In current years, renewable energy systems and electric vehicles (EVs) have been increasingly
used [1–6]. Renewable energy systems include, but are not limited to, photovoltaic (PV), wind power,
biomass, hydro, and geothermal systems. The rooftop PV system is a common and essential energy
source for residential loads. Other than battery EVs and hybrid EVs (HEVs), many fuel cell EVs
(FCEVs) are also developed and implemented [7–9]. However, the fuel cells have the disadvantage of
a slow transient response. Therefore, the battery or supercapacitor is used to adapt to the fast response
in EVs and other applications [10]. EVs may use a lithium-ion battery, supercapacitor, fuel cell, or their
integration to optimize power density. By connecting different types of energy and storage, electrical
systems become integrated energy systems (IES) [11]. For example, a household electrical system
connects PV, EVs, and/or storage systems. The EVs use integrated fuel cells, and/or batteries, and/or
supercapacitors. The IESs can then optimize the advantages of all the energy systems. Therefore, this
type of IES will be developed more in the future.

Direct current (DC) grids offer many advantages over alternating current (AC) grids, such as
potentially higher efficiencies, and reduced filter effort [12–14]. DC-DC converters are one of the most
important technologies for future DC grids. They offer precise control ability for power flow with high
reliability. Dual active bridge (DAB), an isolated bidirectional dc-dc converter, has been proposed for
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many applications [15,16]. The DAB converter includes two full-bridge inverters that are connected by
an isolation transformer at high-frequency operation, as shown in Figure 1. It has advantages such as
a bidirectional power flow with high efficiency. 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 IES. Moreover,
it may require a communication bus to control power flow.

V1 V ′2

L1 L′2

Figure 1. Dual active bridge (DAB) converter circuit.

Therefore, the triple-active-bridge (TAB) converter was proposed to connect one more element
by adding one more port to the DAB converter, as shown in Figure 2 [17]. The advantages of the
DAB converter can be kept in the TAB converter. Moreover, it is not only applicable to one more port
but also enables flexible power transmission between three ports, as shown in Figure 3. This shows
that three DAB converters are required in Figure 3 to achieve flexible power transmission between
three elements, which is achieved by only one TAB converter in Figure 3b. 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. In addition, in comparison to other multiport converters,
the TAB converter has the advantage by using a transformer, which not only converts the voltage
ratio but also improves the safety of the system. Therefore, the TAB converter is proposed for many
applications in IES and DC grid.
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Figure 2. Triple-active-bridge (TAB) converter circuit.
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Figure 3. Comparison of a system using DAB and TAB converters. (a) System using DAB converter,
(b) System using TAB converter.

Because there is an increase in the number and types of microgrids [18,19], the TAB converter
is proposed to develop micro-grid systems, as shown in [20–25]. The future DC grid has potential
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in household applications, for which the TAB converter has an advantage [19–22]. It can be used to
connect medium and low voltages in the DC distribution grid [26–30]. An uninterruptible power
supply (UPS), which uses a battery to support the source in the worst-case scenario, is a suitable
application for the TAB converter [31–33]. The TAB converter was discussed as an important part that
can improve the reliability of the distribution system in the data center [34,35]. The proposed system
in EVs applications is discussed in [36–40].

However, researches on the TAB converter focuses on each separated application and
characteristic. It loses an overview of the current status, such as the advantages and challenges of the
TAB converter in current applications. Also, there are many new applications such as all electrical ships,
autonomous underwater vehicles, etc., that involve replacing other energy systems with electricity.
Therefore, this paper presents an overview of current applications. The advantages and challenges of
the TAB converter in different applications are analyzed. Then, future applications, which use storage
systems, are suggested for use with the TAB converter. Also, potential applications and concepts in
next-generation applications are proposed. This becomes a reference for researchers and engineers in
the related topic for improving the TAB converter in current applications and extending applications.

2. Characteristics of the TAB Converter

2.1. Configuration and Model

Figure 2 shows the circuit diagram of the TAB converter. It includes a three-winding transformer
connecting port-1, port-2 and port-3. Each port has an inductance connected in series, and a full
bridge inverter. The series inductances, L1, L′2, and L′3 include the leakage and external inductances
on each port. The symbols n2 and n3 are the turn ratios of the port-2 and port-3. The phase voltages
between the leg midpoints of each port, u1, u′2, and u′3, have the amplitudes V1, V′2, and V′3, respectively.
S11 to S14, S21 to S24, and S31 to S34 are the control signals of ports -1, -2 and -3, respectively. Figure 4
shows a three-phase TAB converter made by adding one switching leg to each inverter [41]. It is
proposed for high power applications. Each phase of the three-phase TAB converter can be modeled
as a single-phase TAB converter [26,41].

Port 1

Port 2

Port 3

V1

V ′2

V ′3

Figure 4. Three-phase TAB converter.

Figure 5 shows Y-type and ∆-type equivalent circuits of the TAB converter, respectively [40].
The voltages and currents of the port-2 and port-3 refer to the port-1 as the following equation.

u2 = u
′
2/n2

u3 = u
′
3/n3

i2 = i
′
2n2

i3 = i
′
3n3

(1)
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where u2 and u3 are the port-1-referred voltages, and i2 and i3 are the port-1-referred currents,
respectively. Thus, it has the following equation.

L2 = L′2/n2
2

L3 = L′3/n2
3

V2 = V′2/n2

V3 = V′3/n3

(2)

where L2 and L3 are port-1-referred inductances, and V2 and V3 are port-1-referred voltage
amplitudes, respectively.
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Figure 5. Equivalent circuit of the TAB converter. (a) Y-type, (b) ∆-type.

2.2. Power Transmission and Control Methods

Based on the above model, the power transmission of the TAB converter is expressed by the
following equations.

P1 =
V1V2 ϕ2(π − |ϕ2|)L3 + V1V3 ϕ3(π − |ϕ3|)L2)

2π2 f (L1L2 + L2L3 + L3L1)
(3)

P2 =
V2V1(−ϕ2)(π − |ϕ2|)L3 + V2V3(ϕ3 − ϕ2)(π − |ϕ3 − ϕ2|)L1

2π2 f (L1L2 + L2L3 + L3L1)
(4)

P3 =
V3V1(−ϕ3)(π − |ϕ3|)L2 + V3V2(ϕ2 − ϕ3)(π − |ϕ2 − ϕ3|)L1

2π2 f (L1L2 + L2L3 + L3L1)
(5)

where P1, P2, and P3 are the transmission powers of the of ports-1, -2, and -3, respectively. f is the
switching frequency of the converter. ϕ2 and ϕ3 are phase shift angles on the port-2, and port-3 with
reference to the port-1, respectively.

Therefore, the power transmission ability of each port can be controlled by two-phase shift
angles, ϕ2 and ϕ3, as shown in Figure 6a. The phase shift angles between u1, u2, and u3 decide
amplitude and direction of the transmission power among the three ports [21–25]. The decoupling
matrix is implemented into the control loop to remove the interference among the ports [25,40].
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 6b [38–40,42]. δ1, δ2, and δ3 are duty cycle
variations of u1, u2, and u3, respectively. This technique can extend the soft switching at light load
but it reduces the power transmission ability of the converter [42]. 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 6. Control methods of the TAB converter.

2.3. Operation Mode and Characteristics

By controlling the phase shift angles, the TAB converter has many working operation modes,
as shown in Figure 7.
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Figure 7. Operation modes of TAB converter: (a) Single input single output (SISO), (b) Dual input
single output (DISO), (c) Single input dual output (SIDO).

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.

Figure 8 shows the phase shift operation of the TAB converter in all operation modes by using
two phase-shift angles. The horizontal and vertical axes show the phase shift values of port 2
and port 3, ϕ2 and ϕ3, respectively. The phase shift angles are decided by the operating power,
inductance values, and voltages as the relationship in (2)–(4). The series inductances are important
elements of the TAB converter. A normalized design method for the inductances was discussed
in [21,22]. Voltage variations, which are in many applications, need to be considered in operation
modes. Figure 8a shows the phase shift operation when the voltages of the three ports are all 100%.
Figure 8b shows the phase shift operation when V1 and V2 are both 100%, whereas V3 is 80%. It shows
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that the SISO modes are the most critical in the design and control of the TAB converter, where the
phase-shift angles are the largest.
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Figure 8. Phase shift operation of TAB converter in two different voltage states: (a) V1, V2, and V3 are
all 100%, (b) V1 and V2 are both 100%, V3 is 80%.

The experimental waveform of each port in operation mode 1-2 is shown in Figure 9 to explain
the characteristic in one of the most critical operation modes. The figure shows that the root mean
square (RMS) and peak current of port 2, i′2, are much higher in the voltage variation condition. In this
case, the combined duty cycle and phase shift control can be applied to reduce the RMS and peak
currents of port 2 [38–40,42].
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Figure 9. Experimental waveform of TAB converter in mode 1-2: (a) V1, V2, and V3 are all 100%; (b) V1

and V2 are both 100%, V3 is 80%.

3. Current Applications of TAB Converter

3.1. Microgrids

A microgrid is an integrated system that combines sources, storage systems, and loads [18,19].
The DC bus Microgrid systems using TAB converter were discussed in [20–22]. Figure 10 shows the
comparison of a DC bus microgrid using the TAB converter and the conventional converter. 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 the
EVs will bring much change in household electrical systems in the future. The DC household electrical
system is discussed in [19]. The TAB converter can be used in household electrical systems for a power
range of 10 kilowat (kW), as discussed in [21,22]. The EVs or storage can be charged from the grid or
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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 [5]. By using the TAB converter, the DC bus microgrid
system becomes more flexible in setup and more optional in operation, which are advantages.

Energy 

storage



DC bus microgrid

(b)

(a)



DC bus microgrid

DC

DC

DC

DC
DC

DC

DC

DC
Energy 

storage

DC

DC

DC

DC

TAB converter

DC

DC
DC-DC converter

Figure 10. Comparison of DC bus microgrid using the TAB converter and the conventional DC-DC
converter. (a) The system uses the conventional DC-DC converter. (b) The system uses the
TAB converter.

An autonomous DC microgrid using the TAB converter is proposed in [23–25], as shown in
Figure 11. One port of the TAB converter is connected to one element, and the remaining two ports
are connected to the autonomous DC microgrid to control the power and voltage. The TAB converter
can change the control target to keep a constant voltage and for different loads depending on the
condition of the system. 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, and the system is easy to extend
at any time. The DC/AC converter can be added to a port that connects to an AC load or source.
This idea can be applied to the traditional 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.

Energy 

storage

AC grid

Autonomous

DC microgrid 

PV

PV

TAB converter

DC/AC converter

Figure 11. TAB converter for an autonomous DC microgrid system.

3.2. Connection of Medium Voltage Grid and Low Voltage Grid

The medium voltage DC (MVDC) grid has recently created a need for the investigation of the
concept of the DC distribution grid [43–45]. The overall stability and efficiency of the DC grid are
increased by controlling the power flow [26]. Therefore, a three-phase TAB converter is proposed for



Energies 2020, 13, 1577 8 of 22

the MVDC grid in [26–30], as shown in Figure 12. The nominal voltage of the MVDC grid is 5 kV.
Two LVDC grids work at 380 V and 760 V, respectively. The 760 V LVDC grid is examined as a ±380 V
LVDC grid. The TAB converter can use all operation modes in Figure 7 for this application because the
power is required to be transferred in any direction among the three ports. It can operate as an equal
three DAB converter as shown in the comparison in Figure 3. Therefore, the system can reduce the
number of components and costs by using the TAB converter. In typical operation, the power mainly
comes from MVDC to LVDC as the operation modes 1-1, 1-2, and 3-1. However, in some critical
situations, the remaining operation modes of the TAB converter can be used for this application.
Then, three grids can support each other. This shows that the TAB converter can be optimally utilized
for all operation modes in this application.

760V LVDC grid

5 kV MVDC grid 

380 V LVDC grid

Port 1

Port 2 Port 3

Figure 12. TAB converter connection medium-voltage direct current (MVDC) and low-voltage direct
current (LVDC).

A three-phase TAB converter rated 150 kW is designed to connect 5 kV MVDC and two LVDC
sources in [26–30]. The modulation strategy and transformer design are considered to operate at a rated
power [26]. The soft-switching limitation in each port is analyzed. Subsequently, a parallel-phase
operation (PPO) is proposed to extend the soft-switching component of the converter [27]. All ports
achieve soft switching by applying the multiport duty cycle method. The current and voltage
measurements require isolation to the MVDC part, as discussed in [28]. The dynamic of the current
control loop is discussed in [29]. The instantaneous current control is applied to the TAB converter to
achieve a high dynamic power response. The challenges of using the 1200 V SiC MOSFET for the TAB
converter in MVDC and LVDC is discussed in [30].

Other configurations, which can connect multiple single-phase TAB converters, can also be
applied to interconnect MVDC and LVDC, as shown in Figure 13 [46–48]. 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 13a.
Figure 13b 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. The insulated-gate bipolar transistor (IGBT) devices
rated 4.5 kV are considered for high voltage applications. More research to utilize the devices and
voltage range of each module should be discussed more in the future.
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Figure 13. 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.

3.3. Uninterrupted Power Supply Systems

The TAB converter was proposed for the uninterrupted power supply (UPS) systems [31,32],
as shown in Figure 14. The power source, load, and battery are connected using one TAB converter as
discussed in [31,32], where the power source and electric load may require a 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.

a

b

c

A

B

C
Port 1 Port 2

Port 3

Figure 14. TAB converter in UPS application.

A UPS system powered by a fuel cell is proposed by using a TAB converter in [33,42,49], as shown
in Figure 15. 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 supercapacitor 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, the three-phase TAB converter can also be used. In low
power applications, the half-bridge TAB converter is suitable [50]. This shows that the TAB converter
is an excellent selection for these proposed systems where all operation modes are achieved by
one converter.
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Fuel cell
H2

Super-

capacitor

54 V

27 – 42 V

400 V

. . .

AC grid 230 V

Local load

Port 1 Port 2

Port 3

Figure 15. TAB converter in line-interactive UPS using fuel cell and supercapacitor application.

3.4. Power Distribution for Data Center

The reliability of the distribution systems for data centers is of the most importance points.
Interruptions of power systems in the data center have the high cost of millions of dollars an hour [51].
Therefore, the TAB converter was proposed to improve the reliability and availability of power
distribution of data centers in [34,35], as shown in Figure 16. This system can operate as a UPS system
to prevent power faults in distribution systems of the data center. 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

DC

IT load 

group 1

AC

DC

IT load 

group 2

AC source 1

AC source 2

Port 2

Port 3

Port 1

Figure 16. TAB converter in power distribution for data center application.

Typically, the data center distribution system has many independent loads. The power
requirement at a time is different for each load. Some loads may require high power while others
need low power. Balancing the load can improve the sustainability of the system. In order to improve
the reliability of the data center distribution system, the TAB converter was proposed to share the
power between the distribution lines in [52], as shown in Figure 17. The power distribution in each
load group is evaluated. The TAB converter balances the power load for the data center system.
This can improve the reliability of the system from 96.00% to 97.53%. Therefore, the TAB converter is
a promising candidate in this application. However, the stability and accuracy will be the challenge
for controlling the TAB converter in this application because of high-reliability requirements.
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Port 2
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Figure 17. Improving the reliability of power distribution for data center by using TAB converter.

3.5. 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 [53]. 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, etc. 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 18 [36–39]. The port-1
is connected to the main battery. The port-2 is connected to the low voltage 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 using 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, phase shift combined duty cycles are proposed for this condition to reduce the
peak and RMS current [36–40]. This shows that this method can be applied in other applications that
have a similar critical condition.

HV battery LV battery

300～400V
14V

PFC

Port 1

Port 2

Port 3

Figure 18. 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 [40] to increase the power for HEVs. Therefore, the electrical
system may have three voltage levels (14 V/42 V/400 V). The TAB converter has many advantages for
this system because it separates voltage levels using one converter with a three-winding transformers,
as shown in Figure 19. The power can be supplied from three storage systems effectively during
start-up or regular running. This 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. In the future, the studies
on optimal power and operation modes for each condition of the system can be discussed more.
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HV battery

Battery300～400V

14V

42V

Low voltage 

battery

Port 1

Port 2

Port 3

Figure 19. DC-DC converter in EVs application using the TAB converter.

3.6. More Electric Aircraft

Beside electric vehicles, the more electric aircraft (MEA) has been widely researched and discussed
to reduce emissions in the world [54,55]. 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, respectively. 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 [55–57]. The battery can also be used for emergency situations, 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 [58], as shown in Figure 20. Two DC voltages and APU are connected and supported
by one TAB converter and a centralized control system.

Using the TAB converter is an advantage because the power between three elements always
works together to achieve high safety and reliability of this application. 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 the future.
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Figure 20. TAB converter in more electric aircraft application.

4. Future Applications with Battery

In recent years, there have been many new applications which aim to use more electricity as the
main energy. There are many types of batteries and techniques that are developing to connect many
cells in series and parallel for the high power applications [59–62]. Therefore, this part aims to propose
the TAB converter for new potential applications which use the storage system.
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4.1. Autonomous Underwater Vehicles

The autonomous underwater vehicles (AUVs) have spread widely in recent years [63–65]. The size
and weight of the AUVs are limited, and the data can be corrected if the AUVs can work for a long
time. Therefore, the power system of the AUVs is a challenge. The Lithium-ion battery is used for
AUVs because of its high power density [63]. The fuel cell system for AUVs is discussed to extend
their working time [64]. The integrated fuel cell and battery systems for AUVs have been discussed in
recent times [65]. This can achieve a higher power density, which reduces the number of the batteries
and increases the power for the AUVs. With the many advantages in the integrated power system,
the TAB converter is a promising candidate for this application. A TAB converter can be connected
directly between the motor driver (M), fuel cell, and battery, as shown in Figure 21.

TAB converter

M

Battery

Fuel cell

Port 3

Port 2

Port 1

Figure 21. Proposed TAB converter for autonomous underwater vehicles (AUVs).

It can use a 48 V battery with a capacity of 34 Ah for a small AUVs [65]. 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 AUVs system, the system can be implemented with an optimal
design of the TAB converter, depending on the battery and fuel cell system.

4.2. All-Electric Ships

All-electric ships (AESs) are developed to improve the efficiency of energy in the ships [66,67].
The advantages of MVDC distribution for all-electric ships (AESs) was discussed in [68]. By using
MVDC (1–8 kV) distribution, the motor is not connected 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 [69]. Therefore, the electrical ship is a promising application of
the TAB converter in the future, as shown in Figure 22.
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Figure 22. Proposed TAB converter for future all-electric ships.
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The battery and supercapacitor can be charged by regenerative energy in the light load condition,
and then used for supporting in the heavy load condition. It stabilizes the voltage and current of the
electrical grid 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 megawatt. The storage capacity is selected
depending on the control strategy. It can be implemented by the 400 V storage system. The TAB
converter for AESs application may work at several hundred kW, which is challenged by the high
voltage high power design.

5. Future Applications for Controlling Power Flow

The AC power utility system for a railway, for example, shinkansen in Japan, uses two single-phase
AC voltages 25 kV or 20 kV for two direction lines [70–72]. The single-phase AC voltages are supplied
from a three-phase voltage using a Scott-connected transformer, as shown in Figure 23a. The electric
power load of each single-phase voltage may be unbalanced depending on the number and position of
the trains in each direction. This affects the three-phase voltage side, which causes a more significant
voltage fluctuation. Therefore, a railway static power conditioner (RPC) is developed to control voltage
fluctuation on the three-phase voltage side in [72], as shown in Figure 23b. An RPC is constructed from
two pulse width modulation (PWM) inverters, which are connected by a large DC link capacitor system.
The other side of each inverter is connected to a single-phase voltage by a single-phase transformer.

DC
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TAB
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Phase a Phase b
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Transformer
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(a) (b) (c)

Figure 23. Proposed future concept for shinkansen power supply using the TAB converter:
(a) conventional railway power utility system, (b) railway static power conditioner to balance voltage,
(c) future concept using TAB converter.

In this way, the two inverters can work as a static synchronous compensator (STATCOM), and the
reactive power is compensated by feeding an active power from one bus to another. The power
utility system then needs a scott traction transformer, two inverters, two single-phase transformers,
and a DC link capacitor system. Both the Scott transformer and RPC have large-capacity, high weight,
and big size.

In this paper, a future concept is suggested for application in the future railway utility by
using the TAB converter, as shown in Figure 23c. A TAB converter, which connected 160 kV DC
voltage from the rectifier and two 44 kV DC voltages outputs for the train system. It can replace
both the Scott transformer and RPC to achieve isolation and power flow control targets. The size,
components, and cost are reduced. The reactive power from the load also is compensated. With this
new concept, the power of each phase of the AC source is balanced, which improves the stability and
reliability of the grid. The connection of many TAB converters in the module can be suggested to solve
the challenges of very high voltage and power.

6. Summary and Discussion

The above sections reviewed current applications and proposed new applications of the TAB
converter. This section gives a summary all applications of the TAB converter. The advantage and
challenges of each application are summarized, as shown in Table 1. For each application, the TAB
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converter contributes to the different targets to develop conventional systems. There are also different
challenges in each application, which also need more development in the future. The normal and
abnormal operation modes are listed. It shows that some applications use all operation modes such
as distribution systems for data center and more electric aircraft, where the TAB converter is a good
selection because of saving cost and improving the 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.

In the future, research into the TAB converter can go in two directions. Firstly, new studies can
focus on solving the general issues of the TAB converter. This can have an impact on one or many
applications. Secondary, the new investigation can solve a challenge in each application also is the
contribution. This suggests that also the new trend of semiconductors and the magnetic components
can be discussed to improve the TAB converter. It is also necessary to undertake further study of the
TAB converter in these applications, which are high power and high voltage/current.
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Table 1. Summary the characteristics of applications of TAB converter.

Part Application Meaning of the Challenges Operation Modes Suggest/Note

TAB Converter Normal Abnormal Do Not Use

III.A
DC-bus microgrid
(Figure 10)

Reducing the components and
cost; centralizing control in each
household;

Variation voltage from variation
connection to each house hold
system;

1-1; 1-2;
3-1;

1-3; 1-6;
2-2; 2-3;

1-4; 1-5; 1-6;
2-1; 3-2; 3-3; By combining two

ideas, the TAB can
develop the future
micro grid system.

Autonomous
microgrid
(Figure 11)

Easy to be extended or
maintained any time;

Still large number of converter
complex control of the system
level;

All N/A No

III.B
Connection of
MVDC and LVDC
grid (Figure 12)

Connecting three voltage
systems by only one converter
with central control;

High voltage (5 kV) high
power (150 kW) design and
measurement (transformer,
inductor, voltage, and current)

1-1; 1-2;
3-1;

Remain
modes No N/A

III.C
UPS with AC
source (Figure 14) Improving safety and reliability;

flexible operation modes;
Performance of AC grid; 1-1; Remain

modes; No; N/A

UPS system
using fuel cell
(Figure 15)

Fast transient response strategy; 1-1; 1-2; 1-3;
2-2; 3-1;

1-4; 1-5; 1-6;
2-1; 2-3; 3-2;
3-3;

N/A

III.D
Data center 1
(Figure 16)

Reducing the components, cost,
and size; balancing two loads; Stability and accuracy of the

system;
No All No Break time of data

center has high cost as
millions dollar an hour;Data center 2

(Figure 17)

Balancing three loads, increasing
reliability of the system from
96.00% to 97.53%;

No All No

III.E EVs 1 (Figure 18) Reduce the components, cost,
and size of the system;

Virtually isolating the AC
charger side;

1-1; 1-3;
1-5; 3-3;

1-4; 2-1;
2-2;

1-2; 1-6; 2-3;
3-1; 3-2; N/A

EVs 2 (Figure 19) Optimal transmission power of
each element;

1-1; 1-2;
1-6; 3-1;

1-3; 1-4;
1-5; 2-1;
2-2;

No N/A
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Table 1. Cont.

Part Application Meaning of the Challenges Operation Modes Suggest/Note

TAB Converter Normal Abnormal Do Not Use

III.F
More Electric
Aircraft
(Figure 20)

Improving the reliability of the
system; High current and power design; All No No

Increase voltage of
the system to reduce
operating current;

IV.A AUV [proposed]
(Figure 21)

Central power control by only
one converter;

High efficiency and high power
density;

1-4; 1-5;
1-6;

1-2; 2-1;
2-3; 3-2;

1-1; 1-3; 2-2;
3-1; 3-3; N/A

IV.B AES [proposed]
(Figure 22)

DC grid for ship to maximize
the advantages; central power
control by only one converter;

High voltage (1–8 kV) and high
power 500 kW-MW design and
measurement;

1-1; 1-2;
1-4; 1-5;
2-1; 3-1;

1-3; 1-6;
2-2; 2-3;
3-2; 3-3

No Connecting many
TAB converter in
module for very high
power and voltage
application;

V
Power supply for
train [proposed]
(Figure 23)

Reducing the component, size
and cost;

Very high voltage (160 kV) and
very high power (20 MW) design
and measurement;

1-1; 1-2;
3-1;

remain
modes No
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7. Conclusions

The TAB converter is considered a promising circuit for next-generation DC grid and integrated
energy systems, which have vast market prospects. The advantages of the TAB converter
include multiple interfacing ports with isolation, achievable implementation of centralized controls,
and improved flexibility of electric systems. This paper reviewed the characteristics of the TAB
converter and the research status of the current applications. The paper also showed that the TAB
converter could be an upgraded solution for conventional systems. Additionally, some potential
future applications with the battery were presented. A future concept for AC voltage railway systems
was also proposed. The design and performance optimization of the TAB converter for high power
applications with high reliability will be the trend in the future.
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