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Abstract: This paper focuses on a power conditioning system for an all-electric aircraft (AEA)
powered by a single battery pack. The research project aims to identify a multi-port DC/DC converter
topology that adequately supplies the two DC buses connected to the propulsion system and auxiliary
equipment, respectively. To achieve this, a triple-active bridge (TAB) in its inherently decoupled
configuration has been investigated, prototyped, and experimentally verified. The TAB voltage
control system was designed, simulated, and experimentally validated. Specifically, start-up, steady-
state and step-load performances were evaluated by the simulation study and then experimentally
validated on a scaled prototype. The results assess the feasibility of using an inherently decoupled TAB
as a power conditioning system for interconnecting the AEA battery pack with the electric propulsion
and auxiliary systems. In particular, the developed TAB configuration secures the decoupled power
transfer between the two output ports providing at the same time good dynamic performance in
terms of voltage control during step-load variation.

Keywords: DC/DC converters; triple-active bridge; energy storage systems; all-electric aircraft

1. Introduction

The All-electric aircraft (AEA) is considered one of the most promising solutions to mit-
igate the impact of greenhouse gas emissions in the aviation industry. The AEA eliminates
the production of harmful gases during flight by not using fossil fuels to power propulsion
and auxiliary systems [1]. The main feature of the AEA is the exclusive employment of
electricity for supplying all the equipment involved in aircraft flight missions [2]. Regarding
the propulsion system, the AEA has a much higher efficiency than fossil fuel engines. This
result is mainly ascribed to the usage of electric drives as movers for propellers, implement-
ing Distributed Electric Propulsion (DEP) configurations. This solution is remarkably quiet
and light. In addition, the DEP system offers a higher level of redundancy than traditional
systems and performs well even in off-flight situations [3].

However, the main AEA issue is the availability of equipment that can provide energy
and power in all possible operating conditions of commercial flight paths while maintaining
aeronautical safety standards. The solutions proposed for providing AEA supply are based
on hydrogen conversion or energy storage systems (ESSs). The first one concerns the use of
liquid hydrogen converted into electricity by using fuel cells or hydrogen-based combustion
engines. The second one resorts to electrochemical batteries or hybrid configurations
integrated with supercapacitors and/or fuel cells [4,5].

With regard to the battery-based configuration, the feasibility studies carried out
on the original design of the Airbus A320 have defined its AEA-optimised version. The
AEA version of the A320 has a range of 925 km, assuming a battery gravimetric energy
density (GED) of 800 Wh/kg. Nevertheless, the maximum take-off weight assumes a value
of 109.5 tons, 65% more than actual ones. Moreover, the power and propulsion systems,
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including ESS, are four times heavier than that installed in the conventional Airbus A320,
including fuel [6]. Nevertheless, the actual electrochemical batteries achieve a maximum
GED of 450 Wh/kg, making the complete electric conversion of the avionic sector unfeasible.
On the other hand, the battery GED target of 800 Wh/kg could be attained shortly by means
of solid-state and lithium-sulphur batteries [7,8].

For these reasons, the research and prototyping activities on this topic are primarily
focused on ultra-light aircraft (ULA) and light sport aircraft (LSA), because they can fix
design objectives in terms of the flight path, maximum take-off weight, peak power and
energy demand achievable by the available electrochemical ESS [9].

In this context, the authors have been involved in a project to develop an innovative
electric propulsion and auxiliary power system for a light horizontal take-off and landing
(HTOL) aircraft with a flight autonomy of one hundred km [5]. In particular, the project
aims to design a high-performance power conditioning system for supplying AEA with a
single battery pack.

A solution already proposed in the technical literature for AEA is the implementation
of multiple DC/DC power converters as dual active bridges (DAB). It achieves high
power conversion efficiency and allows individual power control. However, there is an
increase in the number of devices and a decrease in the power density [10]. To this end,
several architectures have been proposed with a view to the reduction of the number
of power conversion stages [11]. Most studies available in the literature tend to focus
on optimising the propulsion system [12-14] to improve the overall system efficiency.
However, this approach often neglects the power supply for auxiliary services. This
separation in management implies that auxiliary services require a dedicated energy source,
typically provided by a secondary storage system (dedicated batteries) and an additional
converter to adjust the required voltage or current level. Such a configuration can introduce
further challenges, including the total system weight increasing, the complexity of the
electrical architecture and the reduction of the overall system efficiency. In this context,
the multi-active bridge (MAB) converter appears to be a viable solution for increasing
the power density of electronic conversion systems and reducing the overall number
of components.

In addition, MAB converters are particularly suitable when the power system has dif-
ferent DC voltage standards, such as in the avionics sector. In fact, aircraft voltage standards
specify different AC and DC values depending on the field of application. Nevertheless,
the trend is to replace traditional AC distribution with DC one characterised by only two
DC buses: a high DC-voltage bus at 270 V. and a lower one at 28 V. [11,15]. Moreover, the
MAB converters permit the power management of multi-sources configurations and the
compensation of voltage variation occurring on the battery during discharging and peak
power demand [16]. However, the usage of MAB introduces interdependencies among its
ports due to their magnetic coupling, increasing consequently the complexity of its power
management. These effects require the introduction of decoupling strategies. The solutions
proposed in the technical literature follow two approaches. The first one resorts to the
use of decoupling control algorithms synthesised from TAB modelling [16]. The second
approach is hardware-based and allows for inherent decoupling by adequately designing
the MAB [17].

This work proposes a triple-active bridge (TAB) design methodology aimed at miti-
gating the coupling effects and achieving “quasi-decoupling” of power flows between the
input and the two output ports. Specifically, a TAB converter topology was investigated to
supply the AEA propulsion and auxiliary power systems.

The proposed modelling allows for the correct design of the external leakage induc-
tances, considering the effects of medium frequency transformer leakage inductances.

The designed configuration was simulated and experimentally validated to demon-
strate the feasibility of independently managing the output power of TAB under specific
constraints. An extended analysis of the start-up and step-load behaviour of the TAB is
carried out to emulate the demand occurring in the propulsion and auxiliary systems of
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an AEA. Finally, the simulation and experimental results are compared to validate the
proposed modelling and confirm the validity of the proposed configuration.

In particular, Section 2 describes the model of TAB; Section 3 reports the structure
of the AEA power supply system with the proposed TAB configuration; in Section 4, the
experimental set-up is described; the comparison between the simulation and experimental
results is reported in Section 5, and finally, Section 6 reports the concluding remark.

2. Triple-Active Bridge

The TAB is a bidirectional buck-boost DC/DC converter. Its topology uses three
active bridges connected by a three-winding medium-frequency transformer (MFT). The
schematic structure of the TAB is shown in Figure 1. The operating principle is based on
implementing a DC/AC and AC/DC conversion process between each port, which allows
power and voltage conditioning with high efficiency [18]. Specifically, the modulation
of active bridges generates three square wave voltages with a 50% duty cycle at a fixed
switching frequency f;. The voltage and power control are achieved by managing the
phase shift J;; between the voltage j active bridge concerning i one [19]. This specific TAB
modulation technique is known as single phase shift (SPS). Its advantages are simplicity
and the achievement of soft switching conditions in well-defined operating conditions; its
disadvantages are the presence of high peak currents on the MFT and flow-back currents
on the output DC side. In addition, the soft switching and the zero re-circulation power
conditions impose limitations on voltage and power set-points. Advanced modulation tech-
niques, such as double-phase and triple-phase shifts, overcome these issues and improve
TAB performance. However, they add complexity to the control system [20].
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Figure 1. Schematic of a triple-active bridge.

2.1. TAB Model

Considering the TAB structure in Figure 1, its equivalent circuit assumes the topol-
ogy shown in Figure 2a. In particular, the equivalent circuit consists of a three-winding
transformer, represented by the magnetizing inductance L,, and the leakage inductance
on each port L;. This transformer is supplied by three square-wave voltage generators
characterized by a defined amplitude and frequency, where the phase displacements serve
as the control parameters. The TAB model is developed by considering port no. 1 as a
reference. Then, the prime symbol (') is used, in the discussion, to define quantities reported
to the reference port. Therefore, the parameters and the electrical quantities (currents and
voltages) are referred to port no. 1 using (1), where Ni:N, and Nj:Nj are the respective
turns ratios.

N N N\
- ﬁlvk; it ="ki. 1} = <1) Ly fork=2,3; 1)
K

v N N,
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(a) TAB Y eq. circuit

(b) TAB A eq. circuit

Figure 2. Equivalent circuits of TAB converter.

The magnetising inductance L, models the magnetic tank coupling the three ports
and its value is strictly related to the transformer design. The leakage inductances on each
MFT winding can be modified to achieve specific values, L1, L}, and L}, by properly adding
external inductors.

The magnetizing voltage, v, expressed as a function of vy, is evaluated by applying
superposition law. Hence, v;, assumes the form stated by (2), as reported in [21].

. UlleLé + UlleLé + UéLlle

- 2
O Lol + Ly L} + L5 L] @

The analysis of the TAB-equivalent circuit reported in Figure 2a shows that the power
provided by each generator can be evaluated by referring to DAB modelling, considering
the voltage vy, as output. Therefore, the power on each TAB port can be determined
by (3)—(5) under the hypothesis of implementing the SPS modulation strategy. V; and Vj
are the DC bus voltages of the active bridges connected to port no. 2 and no. 3, referred
tono. 1, and j is the phase displacement between the square wave voltage applied by k
active bridge concerning the j one.

ViV3LE S1a(1 — [612]) + ViV3 L 13(7r — [013])

P = ; 3
1 272 fo(Ly Ly + Ly LS + L4 L) ®)

Py — Vi V3 L5 621 (71 — [021]) + V3 VL1 b23(71 — |d23)) ; )
272 fs(L Ly + Ly Lg + L4 LY)

Vi V3L 831 (7 — [931]) + V3 V3L O3 (71 — |032) |

272 fs(Ly LYy + Ly Ly + Ly L) ’

Py = ®)
The Y-equivalent circuit simplifies the visualization of power expressions at each port,
enhancing clarity in their derivation. It can be transformed into a A one, as shown in
Figure 2b), enabling a direct understanding of the relationship between power transfer and
the presence of cross-coupling effects. Indeed, the inductances Lj can be evaluated by (6)
through the leakage inductance L. The A equivalent circuit allows the determination of
the power transfer from the port j port to the k one by (7). Hence, the relationship between
the power provided by each active bridge on port k, named Py and the power transfers
between each port Py assume the form reported in (8) as a consequence of (3)—(5).

LL]
Lip= Li+Ly+ -7
3
LI

Ly = L/2+Lé+ is (6)
1
/ LlLé
L3 = L1+L3+ I
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Py = Pjp — P35
Py = Py —Pip; (8)
Py = P31 — Pp;

The relationships existing between the phase displacement of the square wave voltages
dj reported in (9) and power ones (7) and (8) highlight the presence of cross-coupling
effects which requires the implementation of software or hardware solutions aimed to
decouple the power management among the TAB ports [17,19]. Moreover, in order to avoid
power losses and maximize efficiency, zero power flow circulation inside the TAB has to
be guaranteed. This can be achieved by satisfying the power balance condition reported
in (10) and (11). These constraints underline the presence of cross-coupling because the
power flows between two ports depend on that provided by the third one.

023 = 013 — 612 )
Py + Po3 + P31 = 0; (10)
Pp= —-2P—1ip;

Ppy= —3P—iP; (11)
Py= —1P—3P;

2.2. Inherent Decoupled TAB Topology

The inherent cross-coupling of power flows between TAB ports is a key issue for
this DC/DC converter class, and its settlement involves the hardware and control design.
The technical literature proposes software and hardware solutions to overcome this issue.
The software solution refers to the TAB model. Specifically, decoupling algorithms are
synthesised, resorting to the implementation of the inverse matrix compensator [19]. A
high computational effort and a centralised controller architecture characterise this class of
decoupling algorithms. However, they achieve good performance in a wide range of areas.

Another control strategy aimed at achieving TAB decoupling is based on dynamically
differentiating implemented control loops by setting different bandwidths. In particular,
a specific control state variable is chosen as dominant, and its controller is synthesised to
have the highest bandwidth for imposing the phase-shift evolution during transients [16].
This approach reduces the computation effort and allows a decentralised controller design.

Recently, a hardware approach, oriented to decouple the power flow in a multi-active
bridge converter inherently, has been proposed [17]. The authors have investigated this
configuration because it seems suitable for developing an AEA power conditioning system
powered by a single battery pack. The solution proposed consists of removing the external
inductor in one port of TAB that assumes the role of “master” port and designing properly
the MFT and the leakage inductors on the other two. This hardware approach allows for
the inherent power decoupling between the TAB’s ports without additional components.
This hardware configuration makes TAB equivalent to two DABs connected to the same
power source (master) and controlled independently. However, the control design requires
particular attention due to the asymmetrical topology and the non-linear behaviour.

In order to evaluate the features of inherent decoupled TAB topology, a linearised
model has been proposed and then analysed. For this purpose, the general formulation of
the power provided to the k-isium port, as reported in (12), enables the evaluation of the
cycle-by-cycle average (CCA) TAB current I under the assumption that the voltages on the
active bridges remain constant, as follows:

. VY
b= ijgk P = Zj;aék m%(n - ‘5"1

i k=123 (12)
)
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The relationships (13) highlight that the current I; is related to the phase displace-

ment (14) through a non-linear function f(J;). However, linearization can be performed
by (15), limiting Jy; in a range between F 71/5:

f(6j) = 5kj(7T - “5kj

)i (14)

fog)= 2oy for — T <ay< T (15)

Under these assumptions, the TAB model assumes the linear form reported in (16)
where the terms a,, # 0 (withr,c = 1,2, 3), reported in (17), are constant. The linearised
TAB model clearly shows the presence of current cross-coupling phenomena.

However, if the leakage inductance of one TAB's port equals zero, the cross-coupling
disappears, and the TAB model assumes a decoupled form. For instance, if port no. 1
is set as master, the inductances Lj assume the values L1 = L), L3 = o0 and L3; = L},
respectively. As a consequence, the terms a3, and a3, became null and the other ones are
strictly related (a7 = —ap1 a13 = —az3 ). Therefore, the currents I, and I3 depend only
on the phase displacement of their respective voltages concerning that provided by the
master port no. 1. The current I; provided by the master port is the sum of the other two.
Furthermore, due to the infinite value assumed by L3, the zero power circulation condition
is always satisfied:

B L a0 a3 012
I=| DL |=]a an O 023 (16)
I3 0 a3 as 031
4V 4V
M= 377 M3=T 37
U fs‘%lz ﬂi ,‘7;5/L13
G = ——m A gy = 213 (17)
2 MBfln 7 mfily
4y
2T Bl Y mfiln

This distinctive aspect clearly highlights how the choice of inductances and port
configuration directly affects the cross-coupling and the behaviour of the TAB converter
and serves as the starting point for achieving a decoupled configuration.

2.3. Effect of Transformer Leakage Inductance

The assumption that leakage inductance is equal to zero is purely theoretical due
to the intrinsic presence of leakage flux in MFT and its relative magnitude depends on
the transformer design. Therefore, analyzing its effects on inherent hardware decoupling
is essential.

Assuming port no. 1 as the master and fixing the same rated output power on ports no.
2 and no. 3, the inductances L/, and L} can be designed equal according to (7) and named L.
Therefore, the TAB model can be treated by considering the magnitude of the MFT leakage
inductance of port no. 1 as a function of L through the parameter «. Hence, the relationships
between the TAB leakages inductances assume the form reported in (18). Since the TAB
currents I are related by (19), the linearised TAB model (16) can be rearranged to express
the currents on ports no. 2 and no. 3 as a function of the corresponding phase displacement
01 Under this assumption, the TAB model achieves the formulation reported in (20),
where Mj, and M3 are the voltage ratios V/V; and V}/V;, representing the respective
step-up or step-down operative condition if they are greater or less than one, respectively.

The TAB model can be expressed in matrix form as reported in (21) to analyse the
characteristics of this multi-input multi-output (MIMO) system. In particular, the structure
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of [A] confirms the presence of cross-coupling phenomena because it is not a diagonal
identity matrix. In particular, the matrix [A] emphasises the dependence of the cross-
coupling effects by the parameters « and M. In order to evaluate the impact of leakage
inductance on hardware decoupling, let us assume to keep the voltage ratios My; constant
and equal to M. Under this hypothesis, the matrix [A] assumes the form reported in
(22). The lower D is compared to one, the smaller the coupling effect will be. Indeed,
the matrix [A] assumes a diagonal form, typical of a complete decoupled MIMO when
D is equal to zero. Therefore, D represents a normalised parameter that allows for the
evaluation of the impact of the control strategy and MFT leakage inductance on the inherent
decoupling configuration.

The analysis of the evolution of D vs. &, parameterized with respect to M, as shown in
Figure 3, highlights that the coupling effects associated with M variations are negligible
for an « value less than 0.05, producing a D variation that is less than 0.05. This result
is particularly relevant in applications where master voltage variation occurs, as in the
proposed case study.

0.6
04 — M=0.8
S M=1.0
Qz 02 —M=12

0
0 12525375 5
a[-] x 1072

Figure 3. The evolution of the normalized cross-coupling term D vs. a, parametrised for M varying
between 1.2 and 0.8.

Ly=L=1L; Li=aL;
20 +1 18
Lip = L3 = (20(+1)L, Ly = ( DC )L, (18)
L+ L+1=0 (19)
1 _Miza
[12} 4Vi 1+ My 1+ Miza [512]_
I3 L 2a+1 My 14+ Mpa 51 )’ (20)
1+M13D€ 1+M13D€
= 4:V1 1+M130€ -=
I= Al 6 21
7(3st 20041 [4] 1)
-1 D(M, )
! Mua
4] = ; D(Ma) = o 22)
D(M,«) 1

2.4. TAB Design Methodology for an AEA Application

The definition of an inherently decoupled TAB configuration, aimed at supplying
two DC buses of an AEA powered by a single battery pack, requires a specific design
methodology. The rated power of the output ports PX and PX and the battery technical
specifications are the starting points for the proper hardware and control design of TAB. In
particular, the input data are the maximum values of continuous discharge current [}***
and voltage variation AV; of the battery, together with the rated input and output voltages
and powers. The rated output voltages are defined by aeronautic standards at 270 V.
and 28 V. [3]. The rated power PR and PR depend on the characteristics of the AEA in
terms of dimension, flight mission and passengers. Regarding the propulsion system, the
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rated power is assumed to be equal to the peak power occurring during take-off. The rated
power of the auxiliary system is assumed to be equal to the sum of the rated powers of
all the auxiliary equipment with a contemporaneity factor equal to one. The battery cell
specifications, jointly with battery pack topology, allow the definition of maximum AV;
for the evaluated power demand in the steady state and during peak power request. This
information permits the definition of the main characteristics of MFT in terms of rated
power and input/output voltage ratios [22].

The definition of inner leakage inductance of MFT is the consequence of & and L
evaluation. The parameter « is chosen initially equal to 0.05 in order to assure the decou-
pling condition. M is fixed initially equal to one referring to the battery-rated voltage V},;
for assuring the maximum TAB zero voltage switching condition extension. Hence, the
inductance L can be evaluated for a defined switching frequency f; as reported in (24) as a
function of the rated power and battery voltage. The parameter 675" is the maximum phase
shift value between ports one and two. The 47}/* in DAB design is generally fixed lower
than 7r/2 for optimising the current stress and efficiency [23]. In the proposed approach,
the 61%* is set at 71/5 following the linearization methodology. The proposed modelling
allows the design of TAB controllers using linear theory. Considering the avionic standard
constraints regarding the bus voltage variations, the DC bus voltages on the auxiliary
and propulsion systems must be controlled to keep them constant. For this purpose, the
parameter of the PI regulator can be synthesised for each output port referring to the block
diagram reported in Figure 4 to achieve the desired bandwidth and rejection to load current
disturbance, as follows:

PR 4V 1+

R_ 72 _ max
b= V)  mfiL2x+1 o1 @3)
T+a 4V7
L = at 5max 24
2a+1 78 f, PR 12 @)
\i
. .CA
Ve e I ik | 4V; 1+ Mua ifAP = ipAr 1 Vi
=/ L 2a+1 / sC

Figure 4. Block diagram of linearised model of inherent decoupled TAB refereed to port no. k with
k=2,3.

3. Proposed Configuration of TAB

The proposed research activity is aimed to evaluate the TAB performance when it is
used for interfacing the two DC buses at 270 V. (bipolar +135 V) for the propeller and
28 Vy, for the auxiliary power system with the AEA battery pack. Previously studied and
developed by authors in works such as [5]), the battery pack design for a specific AEA
application (NASA X-57 Maxwell Mod. II) is discussed. The battery pack is composed of
series and parallel connections of the commercially available LiB Kokam SLPB100216216H
cells, whose main specifications are reported in Table 1. This cell is particularly suitable for
aviation applications because it has a continuous output current of 8 C (e.g., 320 A). This
feature is significant when high peak power demand is required, as during the take-off and
landing of an AEA. The battery pack design was developed to determine the number of
cells connected in cascade to form the battery string and the number of strings connected in
parallel to achieve the power and energy design targets. The targets for the battery design
are shown in Table 2. In particular, the voltage constraints, which must comply with the
aircraft voltage standard, relate to the number of cells connected in series N;. Taking into
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account the standardised DC voltage values used in MEA, a nominal battery DC voltage of
270 V was chosen. Table 3 reports the preliminary battery pack design outcomes [22].

Table 1. Kokam SLPB100216216H cell specifications.

Rated Capacity 40 Ah
Discharge Current Limit (8 C) 320 A
Charge Current Limit (3 C) 120 A
Maximum Voltage 42V
Rated Voltage 3.7V
Minimum Voltage 30V
Weight 940 g

Volume 0.53L

Table 2. Designed battery pack targets.

Rated Voltage 270V
Minimum Power Delivered 157 kW
Minimum Energy Delivered 44.2 KkWh

Minimum SoC for Energy Backup 30%

Table 3. Designed battery pack configuration.

Series Cells N 73
Parallel Modules N 7
Peak Power 605 kW
Maximum Energy 76 kWh
Maximum Energy Backup 41.6%
Pack Minimum Weight 480 kg
Pack Minimum Volume 270 L

The inherent decoupled TAB, which guarantees galvanic isolation between the two
power systems and an efficient conversion process, is a practical solution for connecting the
designed battery pack to the two power systems. In order to evaluate the performance of
the proposed configuration, both simulation and experimental investigations were carried
out on a scaled prototype.

4. Experimental Set-Up

A test set-up was developed to verify the feasibility of using a TAB as the power
conditioning system of an AEA to supply the 270 V and 28 V DC buses. The TAB prototype
was designed with a battery pack of 6 kW, distributing 3 kW to the propeller winding at
a rated voltage of 270 V and 3 kW to the auxiliary power system at 28 V. The ratio of the
three-winding transformer was set at 1:1:0.5 to avoid excessive peak current at the auxiliary
output. An interleaved buck converter was connected in series with TAB auxiliary output
to comply with the voltage requirement of 28 V.

The TAB consisted of three active bridges, one MFT, and four inductors. Each active
bridge was made up of two half-bridges; the main characteristics are presented in Table 4.
The half-bridge implements SiC power MOSFETs C2M0080120D; the main characteristics
are presented in Table 5. The input and output DC bus capacitance Cj3- of each active
bridge equals 520 pF.
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Table 4. Half-bridge module rating.

DC Bus voltage Vpc 800V
Maximum continuous current ™% 24 Arms
Maximum pulsed current I ggsed 80 A
reference switching frequency f; 20 kHz

DC side bus capacitance Cpc 260 uF

Table 5. SiC Mosfet C2M0080120D maximum ratings.

Drain-Source Voltage Vj; 1200 V
Continuous Drain Current I3C 24 A
Power Dissipation Pgic 192 W
reference switching frequency fsw 20 kHz
Drain-Source On-State Resistance R} 128 mQ)
Turn-On Switching Energy E;Y 265 yJ
Turn-Off Switching Energy EZ;}’f 135 yuJ

The main parameters of the three-winding transformer connecting the three active
bridges are in Table 6. Four additional ferrite-based inductors are distributed on both
the transformer output sides. In particular, two have a rated inductance of 50 pH and
a resistance of 0.1 () each and are positioned on the transformer 1:1 output side. The
two other inductors, having 12.5 uH and 0.05 () each, are installed on the transformer
1:0.5 output side. For the proposed configuration, « is equal to 0.02; therefore, following the
discussion in Section 2.3, the resulting D value is equal to 0.019, assuring the achievement
of the quasi-decoupling condition. Figure 5 shows the developed TAB test bench. The
following describes the developed TAB control strategy used for managing its start-up
stage and output voltage control:

Figure 5. Test bench of TAB.
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Table 6. Transformer parameters.

Power Rating Pr 10 + 10 kVA
Transformer voltage ratio n 1:1:0.5
Rated voltage V; 700V
Rated switching frequency fs 20 kHz
Leakage inductance L 2 uH
External leakage inductance 1:1 L; 100 uH
External leakage inductance 1:0.5 L3 25 uH
Magnetization inductance L, 1700 uH
Control Strategy

Figure 6 shows a schematic representation of the TAB control strategy. In order to
overcome the occurrence of high inrush currents at the beginning of the modulation of
the bridges, the start-up phase is necessary. The DC bus capacitors of both output active
bridges are not charged. The output bridges act as simple rectifiers, while only the bridge
connected to port no. 1 modulates in the start-up phase to limit inrush currents. In addition,
to vary the duty cycle and hence the amplitude of the voltage impressed on the MFT, a
phase shift T is imposed between the two primary half-bridge modulation signals. In
particular, 7 is varied linearly in an open-loop state between 0° and 180° in a time interval
of 0.273 s, allowing the transition of the duty cycle of the voltage v1 from zero to 50%. Thus,
the output DC buses are charged with limited currents. The output bridges of terminals
no. 2 (propeller side) and no. 3 (auxiliary side) are ready for modulation when 7 finishes
its evolution.

( ~ - ~
Start-Up Voltage Control
Stage Stage
T(t)A
H © Vou = 70%\/56[ VSeLPmp 6|2
Activate | 180°f——— A >
TAB T = 180°
: out.Prop.
VScLAux 613
0° > >
0.273s t
: VnuL Aux.
\. ) L )

Figure 6. Control strategy of the TAB.

The voltage regulation is activated when 7 reaches the steady state value of 50%,
thus completing the start-up phase of the charge and maintaining its set points even if a
variation in the load occurs. The two output voltages are controlled by two PI controllers
according to the model presented in Section 2; the coefficients and time constants are shown
in Table 7. In particular, it can be seen that the two time constants are very similar, which
means that the two PI controllers have a similar dynamic response when the system is
perturbed by a load variation.

Table 7. Parameters of the PI voltage controls.

Output 1:1 Output 1:0.5
K, 10-3 7x 1074 /
K; 2x107* 13 x 1072

t 5x 102 5x 1072 s
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The following section reports the simulation study and the experimental results
performed on the TAB prototype described in Section 4, particularly concerning the start-
up dynamics, voltage control and power coupling phenomenon.

5. Comparison Between Simulation and Experimental Results

The proposed inherent decoupled TAB configuration has been initially analysed
by a simulation study performed through a co-simulation integrating Plecs and Mat-
lab/Simulink environments. In particular, the TAB hardware structure has been simulated
on Plecs, and the feedback signals are sampled at the frequency fs and then processed in
Matlab/Simulink to provide the modulation signal as output at the Plecs platform, accord-
ing to the control strategy proposed. The start-up and the voltage control in steady state
and during step-load application have been simulated and then experimentally validated
on the prototype. In the following, the comparison between simulation and experimental
results is reported and discussed.

The simulation and experimental tests during the system start-up stage were per-
formed to analyse the hard-switching conditions and their resulting inrush currents. In
particular, during start-up, the DC buses of TAB ports no. 2 and no. 3 are charged from 0
to 270 V and 135 V, imposing an initial load of 243 () and 60 (), respectively. These load
conditions correspond to a steady state power supply of 300 W for each TAB output port.
In Figure 7, the simulated and experimental time evolutions of DC output voltages during
start-up are shown, highlighting a good matching. In the upper left corner in Figure 7, a
focus regarding the time instant in which the closed-loop voltage control is enabled is re-
ported. The results confirmed the start-up procedure’s effectiveness because a small voltage
compensation is required during the transient associated with voltage control enabling.

The proposed start-up procedure has been initially simulated to avoid the damaging
risk of charging inrush currents on active bridges. The simulation results concerning the
currents on MFT were then compared with the experimental tests. The results, reported in
Figures 8 and 9, show an overlapping between the simulation and experimental underlining
that the peak of currents I, and I3 achieves 8 and 10 A, respectively, well below the current
limits of power electronic components implemented. Moreover, they confirm the strength
of the simulation tool developed.

300 —
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250 — 268 l
200 |- z: IJMMMMMM‘

B 262
£ 150 — 0.29 0.3 0.31

Voltage [V]

100 [~

exp V. expV,

50 - DC.out 11 DC.out21

A SIM Ve oug 1 SIM Ve ouat
o LA ! ! ! ! | T T |
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Time [s]

Figure 7. Simulated and experimental output voltages of TAB during start-up.

15—

Current [A]
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Figure 8. Simulated and experimental auxiliary side currents of TAB during start-up.
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Figure 9. Simulated and experimental propeller side currents of TAB during start-up.

Subsequently, the analysis of TAB performances in steady state has been developed. In
Figure 10, the voltage and current time evolution during two periods from both simulations
and experimental tests are reported, considering a power demand of 1 kW on both output
DC sides. In particular, in Figure 10a,b, the simulated waveforms are shown, while
Figure 10c,d report the corresponding measurements of the experimental test. The blue
waveforms are related to the transformer input side (port no. 1), the yellow ones show
the propeller side (port no. 2), and the red traces show the auxiliary side (port no. 3). The
comparison between the simulation and experimental results confirms a good overlap. In
order to test the TAB behaviour for higher output power, simulations and experimental
tests for a power demand equal to 2 kW on the propeller side and 1 kW on the auxiliary side
were executed. Figure 11 presents the voltage and current waveforms from simulations
and experimental tests. In particular, in Figure 11a,b the simulated signals are shown,
while Figure 11c,d report the experimental ones. The blue waveforms are related to the
transformer input side, the yellow ones represent the propeller side, and the red ones
represent the auxiliary side.
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Figure 10. Voltages and currents on the TAB transformer for an output power of 1 kW on each output
port: Simulated voltage (a) and current (b) waveforms; experimental voltage (c) and current (d)
measurement results.
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Figure 11. Voltages and currents on TAB transformer for an output power of 2 kW on port no. 2 amd

1 kW on port no. 3: Simulated voltage (a) and current (b) waveforms; Experimental voltage (c) and
current (d) measurement results.

A simulation study under step-load variations was developed and then experimentally
validated to test the effectiveness of inherent power decoupling of the proposed TAB
topology. Specifically, the tests were performed by imposing a step-load variation on one
port, keeping the power demand constant on the other one. The time evolution of the
current and voltage on the port at constant power demand during step load variation
gives direct evidence of coupling phenomena. In particular, the magnitude of perturbation
concerning the constant set-point during the step variation on the other ports quantifies the
coupling effect. The first test was developed by imposing a constant load equal to 72 () on
the propeller side (port no. 2), corresponding to a load power equal to 1 kW. A step-load
variation from 36.5 Q) to 20 Q) (from 500 W to 1 kW) at 0.25 s on the DC auxiliary output
port is then applied. In Figure 12, the simulated and experimental time evolution of DC
voltages and currents on ports no. 2 and no. 3 are shown. The results confirm the excellent
matching between simulated and experimental waveforms and the absence of coupling
effects because the DC voltage and current on port no. 2 are unaffected by significant
perturbation during step load application. The same outcome is achieved by performing
the complementary test for a higher step load variation. In particular, a load step variation
from 146 Q) to 36.4 () has been carried out, allowing for the propeller side a variation in
power consumption from 500 W to 2 kW. The auxiliary side load has been kept constant,
equalling 20 (3 (1 kW). In Figure 13, the DC voltages and currents on ports no. 2 and no. 3
are reported, confirming the effectiveness of the proposed approach.
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Figure 12. Comparison of simulated and experimental output voltages (a) and currents (b) of TAB
during load variation on the auxiliary side from 36.5 () to 20 Q).
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Figure 13. Comparison of simulated and experimental output voltages (a) and currents (b) of TAB
during load variation on the propeller side from 146 Q) to 36.4 ().

The phase-shift values of the simulation study are not reported here since their devia-
tion from the experimental one is less than 2%, presenting a good superimposition. From
both simulation and experimental tests, it can be observed that a load variation on the
propeller side output does not result in appreciable perturbations on the auxiliary side
output voltage (let alone the current). The same can be said during the load variation on the
auxiliary side, being able to assume that the mutual dependence between the transformer
outputs is negligible. This behaviour clearly demonstrates how the removal of the external
inductor on the port acting as the “master” side, combined with a proper design of the MFT
and external leakage inductors, enables the possibility of treating the TAB as decoupled
DC/DC power conditioning systems in the considered power range. Although it is not the
primary focus of this study, it is worth noting that the system efficiency reaches a value
equal to 92%. Furthermore, it is important to clarify that both the transformer and the
converters were oversized relative to the power levels used during the tests. As a result,
despite the system being tested at a low load (approximately 20% of their nominal power),
the TAB converter managed a power flow of about 3 kW with a conversion efficiency, which
can still be considered high, assessing the performances of this DC power system employed
for an application such as interfacing an AEA battery power supply.

6. Conclusions

This paper evaluates a power conditioning system for interconnecting the battery
pack to the DC power systems in an ultra-light all-electric aircraft. The focus is on a
triple-active bridge in its inherent decoupled configuration. The linear formulation TAB
model has been investigated to define the effects of decoupling in reducing the leakage
inductance of one port concerning the others. Furthermore, the voltage ratios between
the master and output ports have been considered. The proposed linear model supported
the hardware and software TAB design of a scaled configuration of an ultra-light all-
electric aircraft power system. The model of the proposed power conditioning prototype
was first simulated and then experimentally validated. The results demonstrate a good
correlation between the simulation and experimental tests. The experimental validation
confirms the expected performance during start-up and step load application. Additionally,
implementing a snubber-less TAB configuration and the specific power control range has
enabled the quasi-decoupled power flow and voltage management. Thus, the proposed
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inherent decoupled TAB configuration is suitable for interfacing the AEA’s battery pack
with its DC power systems. Moreover, the proposed inherent decoupled triple-active bridge
(TAB) configuration demonstrates significant potential compared to conventional systems,
such as configurations involving one battery and one converter for the propeller and a
separate battery and converter for auxiliary systems. The decoupled TAB provides a unified
solution that reduces component redundancy and enhances power flow flexibility, making
it particularly advantageous for ultra-light all-electric aircraft (AEA). Future developments
will focus on optimising the design to further enhance the system applicability to AEA.
This includes detailed weight analysis and transitioning from prototype-level designs
to converters and transformers specifically optimised for lightweight applications. By
addressing these challenges, the proposed system could contribute to advancing AEA
technologies, paving the way for more efficient and compact power systems tailored to
meet the rigorous demands of next-generation electric aviation.
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