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Abstract. This paper investigates a triple-active-bridge converter for an all-electric
VTOL(Vertical Take Off&Landing) aircraft, based on the Dual-active-bridge converter,
presenting four working scenarios which matching the operating of e-VTOL. The
converter adopts a phase-shifting control strategy and decouples the control network.
Different targeted settings of the converter system are made for the various operating
states of the e-VTOL, and the operating states of the TAB converter in different modes
are simulated in MATLAB. The experimental results show that the TAB converter has
more diverse operating modes, which can match future e-VTOL use in urban
applications.
1. Introduction
Over a previous couple of decades, there has been tremendous progress within the efforts to maneuver
toward a lot of electrical aircraft (MEA). In 2015, the aircraft all around the world used more than 270
million tonnes of fuel for jet flying, which was 7% of world’s fossil fuel products[1,2].
For the future use of electric aircraft, more research will focus on applications for intra-city transport.
In terms of take-off, VTOL aircraft do not require a runway for vertical take-off and landing, and have
better silent characteristics. At the same time, the lighter weight and smaller fuselage size will allow the
VTOL to sustain longer flights between cities[3 , 4].An excellent example of a current research product
is CityBus from AirBus[5] and design from Lilium.[6]
As the entire power electronics system will be directly related to the control and transmission of
energy and will influence the performance of the aircraft in operation.[4, 12, 13]Current research in
power electronics focuses on converters topology structure, in AC/DC, DC/DC and AC/AC[4].In
Swaminathan’s research[9], currently state-of-art converter design of both two ports and multiports
are listed.In the paper of Karanayil and Mihai[10], they presented an isolated multiport converter with
droop control on power flows. Zhao has done similar research on an isolated three-port bi-directional
DC-DC converter [11].Multiport DC/DC converters are of interest in electric architectures composed of
several storage systems connected in parallel to the main DC bus.
The aim is to present a Triple-Active-Bridge (TAB) converter based on the functional characteristics
of a Dual-Active-Bridge converter. The TAB converter will have bi-directional power flow and phase
shift control.The paper is organized in the following way. Section 2 presents the converter systems. In
Section 3, the control strategy of the power converter is presented. Section 4 shows the experimental
results. In Section V, the conclusions are presented.
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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2. Converter System
The Dual-Active-Bridge (DAB) is a typical bi-directional DC-DC converter that has been studied in
recent years. The DAB converter is therefore able to perform better functional characteristics.

Figure 1. DAB（Dual-Active-Bridge) Converter
The DAB converter is expanded to a triple-active-bridge converter by increasing the number of
ports.Any two ports of the TAB converter can be regarded as the topology of a DAB controller and have
the same operating characteristics. A similar approach is used to construct a simplified model and waves
of the TAB converter[10 , 11].

Figure 2. TAB（Triple-Active-Bridge) Converter
The power supply between the different ports transfers energy through the inductive network. In
power flow studies, the transformer's excitation inductance and leakage inductance have no influence
and are therefore omitted here.The model between the ports is established through inductive
relationships.When modelling equivalent circuits, two different modelling approaches can be used. One
is the delta model. The delta model allows the original TAB model to be equivalently decomposed into
three two-port subsystems, which facilitates the mathematical representation of the TAB converter. The
other model is the Y-model, which is simpler when performing power flow and soft switching analysis
on the TAB model[10 , 11].
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Figure 3. Simplified TAB Converter Model

Figure 4. Equivalent Y& Delta Model of TAB

2.1. Power Flow Analysis of TAB
The other ports have the power expression.At the same time, there are[10]
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3. Control Strategy
Where the input signals are the phase shift angles φ
and φ being analyzed as two degrees of
freedom. And the output signal is the port current I and I .The small signal model of the TAB can be
obtained by linearizing the static control-output characteristics of the operating point[10 , 11 , 13].
The first is to express the current on por2 and port3 as follows:
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Using Taylor Series to transfer the equations at a selecting operating point Ω:
𝐼 = 𝑔 sin(𝜑 ) + 𝑔 sin(𝜑
− 𝜑 ) + 𝑔 cos(𝜑 )∆𝜑
− 𝑔 cos(𝜑
𝑔 cos(𝜑
− 𝜑 )∆𝜑
𝐼 = 𝐼 + 𝐺 𝛥𝜑 + 𝐺 ∆𝜑
Same, for port 3, there is
𝐼 = 𝐼 + 𝐺 𝛥𝜑 + 𝐺 ∆𝜑
Where 𝑔 = −
, 𝑔 =
, 𝑔 = −
, 𝑔 = −
.
⎧

𝐺

⎨
⎩𝐺

= 𝑔 cos(𝜑 ) − 𝑔 cos(𝜑
−𝜑
𝐺 = g cos(𝜑
−𝜑 )
𝐺 = −𝑔 cos(𝜑
−𝜑 )
−𝜑
= 𝑔 cos(𝜑 ) + 𝑔 cos(𝜑

3

−𝜑

)∆𝜑

+
(7)
(8)
(9)

)
(10)
)

6th International Conference on Energy Science and Applied Technology
IOP Publishing
IOP Conf. Series: Earth and Environmental Science 804 (2021) 032031
doi:10.1088/1755-1315/804/3/032031

There, the matrix transfer function of the small signal model is presenting as
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In the equation(16), it’s obviously that two control loops of current are coupled with each other
through G12 and G21. In order to solve the coupling , a decoupling network based on the inverse of matrix
G will be applied.The role of decoupling network is to decompose a control system into a series
independent single-loop subsystems. Thus, the system can be controlled using independent loop
controllers[10 , 11 , 13].
In Fig.3, shows the control loop diagram with a decoupling network and a linear model.

Figure 5. Block Diagram of TAB Control
4. Experiment Results
4.1. Power Source Parameters
The total voltage of the power supply will accordingly be considered for in-city travel rather than long
distance travel.Based on the reports and the data sheet given by the manufacturer, and a reasonable
extrapolation of the indicators of the electric vehicle brand, the input voltage of the e-VTOL is set here
to 400V.
Table 1. Simulation parameters
Elements
Primary Side Voltage
Load Voltage
Supporting Side Voltage
Primary Side Inductor
Load Side Inductor
Supporting Side Inductor
Load Side Capacitor
Switching Frequency

Symbol
V1
V2
V3
L
L2
L3
C2
fs

Value
400V
72V
36V
101mH
206mH
29mH
300mF
20kHz
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4.2. Working Mode of TAB Converter on e-VTOL
In the following Table.2, each of them represents one of the working mode of e-VTOL.
Table 2. Working mode
Working
Mode

Working
Scenarios

A. Cruising Mode I

Main power source supplies to
load

B.Cruising Mode II

Main power source supplies to
load and auxiliary power

C.Lift / Landing Mode

Main power source and
supporting power supply to
load

D.Emergency Mode

Supporting power supplies to
load

Power
Flow

4.3. Simulation Results
4.3.1. Cruising Mode I. The Cruising mode takes its inspiration from electric vehicles. In cruising mode
I, only the main energy port 1 need to deliver energy to the load side at this time.

Figure 6. Load Side Voltage & Current in Cruising Mode I
It is also assumed that the supporting energy port is fully charged. At this point only 2 of the 3 ports
are working and the TAB converter can work as a DAB converter.From the fig above, it’s shown that
the voltage of the load side meets the demanding value as 72V.Then the wave keeps steady which means
the control strategy is well applied.
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4.3.2. Cruising Mode II. In Cruising mode II, the main power source is supplying power to the load
side and the supporting source side.

Figure 7. Load Side Voltage of Cruising Mode II

Figure 8. Phase Shifted Angles duty cycles of Cruising Mode II
In Cruising mode II, there will be a phase difference between the supporting side and the load
side.Which will leads the power from supporting side flows to the load side.
4.3.3. Lift / Landing Mode. For lift and landing, e-VTOL needs extra power supply to the load.Thus,
the power flow will be the main power source and supporting power source supply the energy to load
side together. The load side voltage will reach 72V in short period.

Figure 9. Load Side Voltage of Life/Landing Mode

6

6th International Conference on Energy Science and Applied Technology
IOP Publishing
IOP Conf. Series: Earth and Environmental Science 804 (2021) 032031
doi:10.1088/1755-1315/804/3/032031

Figure 10. Phase Shifted Angle Duty Cycle of Lift/Landing Mode
Shown in above figures, the TAB converter can operate fast and accurately in the lifting and landing
mode.
4.3.4. Emergency Mode. In emergency mode,the main source is out.Only the supporting power supply
discharges to load.

Figure 11. Load Side Voltage & Current in Emergency Mode
As shown above, the stable voltage measured at the load side is 72V.This shows that the control
strategy of the TAB converter is fulfilled.
5. Conclusion
This paper describes the operating principle of a light，multiport, high adaptability and high efficiency
TAB converter for e-VTOL.
The power flow between the ports is analysed. The control strategy and a decoupling matrix is
applied in the control loop.The various operating modes are simulated and analysed in MATLAB.This
TAB converter system inspired from electric vehicles can be applied on urban-used electric VTOL
aircraft in the future.
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