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Abstract—A harmonic-based Triple-Phase Shift (TPS) mod-
ulation strategy for a 2.1kW, 270V Bidirectional DC-DC Dual
Active Bridge (DAB) conditioning system for an All Electric
Aircraft application is proposed in this paper. The DAB model
has been obtained concerning the frequency domain, particularly
resorting to the Fundamental Component Analysis (FCA). The
TPS parameters are selected to both erase the flow-back current
in the DC-link capacitor and minimize the voltage harmonic
content on the load side. In this way, the reactive power
minimization and the active power maximization associated with
the first harmonic component are achieved. The co-simulation
study of the proposed TPS shows a very good performances,
also during step-load variations.

Index Terms—DC/DC converters, dual active bridge, triple
phase shift, harmonic analysis, all electric aircraft.

I. INTRODUCTION

The All-Electric Aircraft (AEA) technology achieves the
complete removal of the greenhouse-gasses emission during
flight. This is possible because it avoids the use of fossil
fuels as the energy source and, for this reason, is considered
one of the most promising solutions for a less polluting
aircraft design. In fact, the adoption of suitable Energy Storage
Systems (ESS) and electric propellers allow for the exclusive
use of electricity for developing all the activities associated
with both propulsion and auxiliary avionic services [1].

In order to ensure the energy and power requirements in
the AEA, suitable energy conversion systems are needed,
which provide compliance with both the reliability and safety
standards in all the operative conditions. For this reason, high-
performance device solutions as Triple Active Bridge-based
topologies are proposed in the literature, which provides the
possibility to feed both the propulsion and auxiliary systems
with one-high-efficiency device [2], [3].
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In these systems, the Single-Phase Shift (SPS) modulation
strategy is applied, in which the power flow depends on
the phase displacement between the primary and secondary
sides 50% duty cycle voltage waveforms of the converter.
This control strategy is simple and allows for achieving high
power rates. Nevertheless, transformer core losses are present
due to the non-sinusoidal magnetizing current waveform, and
increase as much as output power is required [4]. Moreover,
high flow-back currents in the DC-links are present in the SPS,
which constitutes a reactive power component [5]. They lead to
an higher amount of current transiting in the transformer and,
besides higher power losses, it takes to a lower power rating
utilization of the converter. Furthermore, it makes shorter the
DC-link capacitors lifetime [6].

To overcome these issues, Double-Phase (DPS) and Triple-
Phase Shift (TPS) control strategies are proposed in the
literature [4]—[7]. Compared to SPS, DPS and TPS allow for
changing the voltage duty cycle of the primary and secondary
side at either same or different value, respectively. These
modulation strategies add one or two more degree of freedom
to the basic SPS control strategy. In this way, optimized current
stresses on the components can be achieved, as well as an
extended Zero-Voltage Switching (ZVS) operating area [8],
[9]. Besides, other solutions are proposed in the literature
to achieve these goals, as the employment of Neutral-Point
Clamped (NPC) bridge topology instead of the H-bridge one,
in which multi-level voltage waveforms allow adding further
degree of freedom for optimizing the system [10], [11].

Many woks in the literature relies on the time-domain
modelling of the converter, achieving high accuracy in fore-
casting its behaviour. However, they presents a very complex
model with piece-wise equations, making difficult to manage
all the possible converter working modes, especially when
TPS control strategy is employed [12]-[14]. More simple yet
accurate modelling that rely on the frequency domain are
proposed, which resort on Fourier expansion analysis of the
converter voltage waveforms. In particular, the Fundamental
Component Analysis (FCA), which modelling relies on the



voltage first harmonic component, represents a very simple
yet accurate analysis approach. The first harmonic component
is responsible for almost entirely the active power content of
the converter [15]-[17].

In this work, the FCA modelling approach applied on a Dual
Active Bridge (DAB) converter is proposed. In particular, it
relies on the phasorial notation and a graphical analysis of
the converter behaviour. Moreover, a TPS control strategy is
developed, which achieves both the harmonic minimization
and the flow-back current cancellation on the converter output
side. Finally, a co-simulation study has been carried out on
PLECS and Matlab/Simulink considering a real laboratory
DAB prototype model.

The paper is organized as follows: in Section II the DAB
FCA analysis is developed; in Section III the TPS control
strategy is elaborated; in Section IV the DAB model simulation
results are presented and finally, in Section V the conclusion
remarks are outlined.

II. DUAL ACTIVE BRIDGE MODEL

The DAB is a bidirectional DC-DC converter that can work
both in buck and boost modes, and its topology is reported
in Fig. 1. It is composed of two full bridges F B and
FBe°“ equipped with the DC-link capacitor banks C; and
C,, respectively. Across the capacitors, the DC input and
output voltages u%, and u%Y are established. A magnetic
tank is placed between the full bridges, and is composed
of an High Frequency Transformer (HFT) and an external
leakage inductance L,. Particularly, the latter represents the
key component for controlling the power generated in the
converter. The main control strategy consists in generating two
square-wave voltages u’f', and u%4, that, convemently shifted
across the leakage 1nduct0r cause the current 14~ (1%5.) and
9% (1%4) to flow. This is called Single Phase Shlft (SPS)
modulation.

Nevertheless, in order to reduce the losses e.g. minimiz-
ing the circulating current and extending the soft-switching
range, more sophisticated modulation strategies needs to be
employed. Among various types, the Triple Phase Shift (TPS)
represents one of the best solutions, in which the phase
displacement between the legs of the full bridges are controlled
separately, adding two more degree of freedom for controlling
the converter [18], [19].
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Fig. 1: Dual Active Bridge topology.

A. Frequency-Domain Model

The TPS square-wave voltages u%', and u%Y are shown
in Fig. 2. The duty cycles of the voltage waves change
independently in the TPS, modifying their shape from a two-
level to a three-level waveform. In particular, D; and D,
represent the p.u duty cycles of the input and output voltages,
respectively, while Dy stands for their p.u. phase shift. All the
three parameters are normalized over half period, and varies
in accordance to (1)

—0.5 <Dy <0.5
0<D <1 (D
0< Dy <1.

The frequency-domain model is evaluated resorting to the

Fourier series expansion, and its evolution is reported in (2)
and (3) for both input and output voltages

4 .. X sin(nDy %) cos (nwt)
—ue 2)
T —~ n

in
Uac =

ot 4 sin(nDy %) cos (n(wt — Do))
Ul = *UDC k Z . n

3)
n=0

where n = 1,3,5... is the harmonic order, w is the angular

frequency of the voltages, ¢ is the time and

out
Upc

- in
Nch

is the voltage gain of the DAB, where IV is the transformer
turn ratio.
The first harmonic component phasors of both voltages are
obtained for n = 1, ¢ = 0, and are reported in (4) and (5).
= 4 . s
— —ufsin (D13 4
ﬂ_u D Sin ( 15 4)

(YoR!
4 .
ueh | = —upc ksin (D%) o7 (Do) 5)

Considering a clockwise rotation of the phasors allows for
giving a positive phase-shift Dy value, simplifying the model
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Fig. 2: Magnetic tank square voltage waveforms and their first
harmonic component in TPS.
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Fig. 3: a) DAB equivalent model concerning the first harmonic
components b) Phasorial representation of voltage and current
in the proposed TPS.

assessment. Moreover, it can be noted that the input and output
voltage phasor length depends on D; and D5, respectively, as
it is in the voltage waves depicted in Fig. 2.

Referring to the DAB equivalent model reported in Fig. 3a,
the current across the leakage inductance can be determined
as (6)

M? out
Wiies Ugc,1 — Yac
m — i il 6
tac 7]’ wL, ) (6)
which graphical representation is reported in Fig. 3b.
Replacing (4) and (5) in (6), it assumes the final expression
of (7)

,L’in — uin .
AC,1 7wl DC

. [ksin (Dgﬁ) eI (Pom+3) _ jgin (Dlz)} .
2 2
By projecting the current phasor on the real and imaginary

axis, the direct /" and quadrature ifZ" current components are
determined and reported in (8) and (9)

)

- 4
it = pop;uBoksin (Dag ) cos(Dom 4 3)  ®

©))

: [k gin (Dgg) gin (Dow n g) _ sin (Dlg)} .
Finally, the active and reactive power P and () are obtained
in (10) and (11) concerning (8) and (9), respectively, and the
input voltage (4)
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Fig. 4: Phasorial representation of voltage and current for
output flow-back current elimination in the TPS.
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III. TRIPLE PHASE SHIFT MODULATION

In this work, a TPS modulation strategy is proposed for
achieving both the flow-back current cancellation in the DC-
link and voltage harmonic content minimization at the output
side. To achieve these targets, proper constraints to the DAB
model needs to be applied, which are determined in the
following.

A. Flow-back Current Cancellation

The flow-back current in the DC-link capacitor is responsi-
ble for the reactive power content in the converter i.e. its ef-
ficiency deterioration, and needs to be minimized [5]. Willing
to completely erase the reactive current concerning the output
side, the ig“t component should be equal to zero, that is, the
inductor current phase should be the same as the output voltage
u%’l one, and this condition is graphically represented in Fig.
4. It can be noted that, for simplifying the analysis, the axis
references have been rotated to be fastened with Uf’q%,r In this
way, the actual DAB first harmonic voltages assume the form

of (12) and (13)

uipe ) = uGE | 4 jwLs|ig| (12)

4 . . T
[uhé 1] = —ue ksin (D27 ) (13)
’ s 2
where D5 needs to be optimized for harmonic content mini-
mization.

B. Harmonic Content Minimization

Minimizing the harmonic content of the output voltage
allows for maximizing the energy associated to the first
harmonic component. For achieving this goal, the optimal
duty cycle D can be simply evaluated imposing (3) equal
to zero. In this way, the constraint for harmonic minimization
is obtained as shown in (14)

P
sin (nDQE) —0 = nDyt =7 = Dy= 2 (14)
2 2 n

in which the fundamental component is excluded regarding
(1), and for which D- is imposed just equal to 1.



The optimal duty cycle has been found among the con-
ditions in which n = 1,3,5,7,9,11,13, and the respective
voltage square wave harmonic content are reported in Fig. 5.
As can be seen, all the harmonics of the relative order are
completely eliminated for the corresponding D5 value. In Fig.
6, the Total Harmonic Distortion (THD) analysis concerning
each scenario is reported, where the THD has been evaluated
by (15)

+oo (

n=3 u%uct'n)Q
THD(%) = " 100.

5)

“?4%,1
The results highlight that the minimum THD condition is
achieved for n = 3 ie. Dy = 2/3, which represents
the best condition for the output voltage harmonic content
minimization. Moreover, it can be noted that, after n = 3,
the THD increases while the first harmonic module decreases,
both monotonically with the harmonic order. This is due to the
duty cycle that shrinks the square-wave voltage until it get to
zero. This justify interrupting further scenario analysis, since
it can be stated that there are no other optimum for higher
n-values.

IV. SIMULATION STUDY

In order to evaluate the proposed TPS performances for
controlling an All Electric Aircraft 270V DC-DC power con-
ditioning system, a co-simulation study has been carried out
concerning the DAB model and the control strategy devel-
oped on Plecs and Matlab-Simulink, respectively. The DAB
model consider the parameters of a real laboratory converter
prototype, which main characteristics are reported in Table
I. In the proposed case study, the DAB converter controlled
with TPS has 270V both in input and output (k = 1) for
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Fig. 5: Output voltage square wave harmonic content for Dy =
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TABLE I: DAB Model Parameters

Maximum DC-Link Voltage 800 \%4
Switching Frequency 20 kHz
Maximum Continuous RMS Current 24 A

Rated Power 15 kVA

SiC MOSFET On Resistance 128  m(Q
DC-Link Capacitor Banks 520 upF
Leakage Inductance 97 nH

Leakage Inductance Resistance 220 m2

HFT Turn Ratio 1:1 —

HFT Magnetising Inductance 1.9 mH

HFT Winding Resistances 350 mQ

feeding the aircraft loads, for which a control strategy has been
implemented for keeping the output voltage at the desired level
when the load changes.

A. Control Strategy

The proposed control strategy block diagram is reported in
Fig. 7. In particular, the PI controller defines the DAB output
current 5%, from which the duty cycles Dy, D and the phase-
shift Dy are evaluated resorting to (16), that in turn has been
obtained resorting to (12), (13) and (14)

w 74-{7714,
Do = L arctan | 2=2e
77 Uacn

(16)

. u()ut 2+ stiout 2
Dy = 2 arcsin {\/( ac,) a) }

; =UDc
Dy =2/3.

The maximum power achievable with the proposed TPS
control strategy can be evaluated when D; is equal to 1.
In this condition, the maximum achievable Dj is equal to
0.167 concerning (16). Considering that D is fixed, the actual
maximum active power is about 2.1kW, while the maximum
rated appearent power is 2.4kVA, both evaluated concerning
(10) and (11). As expected, the power of the converter is lower
than the rated one reported in Table I of about 1/6 due to the
actual behaviour of the TPS control strategy, which will be
deepened in the next section.

Duty-Cycle D, [-]

oLt
1 2 3 4 5 6 7 8 9 10 11 12 13
Harmonic Order n [-]

123 2s 27 29 21 213 2

200 — T 500 g
— 160 400 £
X >
=120 300 7,
= ]
2 80 200 é
T 40F (100 5
jasi

.[E‘

Fig. 6: Total Harmonic Distortion (THD) and Output Voltage
First Harmonic Module Concerning both the Harmonic Order
n and Duty Cycle D;.
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Fig. 7: Block diagram of the TPS voltage control system of
the DAB.
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Fig. 8: Input and output apparent power of the first 13
harmonic component for a load value of a) 0.5kW; b) 1.0kW;
¢) 1.5kW; d) 1.95kW.

B. Simulation Results

The simulation study has been carried out for several
output power conditions. In particular, 0.5kW, 1kW, 1.5kW
and 1.95kW of AEA power load are considered. The squared
voltage waveforms and its first-harmonic component for each
output power conditions are shown in Fig. 10. Moreover, in
Fig. 8, the apparent output power concerning the first thirteen
harmonic components of both output voltage and current are
shown. As expected, the transformer current have the same
phase of the output voltage, as highlighted by the grey-dotted
lines in Fig. 10. This aspect is confirmed in Fig. 8, where is
shown that the output apparent power S,,; corresponds to the
active power required by the loads i.e. no reactive power is
exchanged through the output side.

Moreover, Fig. 8 highlights that the first harmonic com-
ponent power maximization goal is achieved, since no other
components exchange a remarkable amount of power. In fact,
Fig. 9 highlights a very low THD value achieved for the
current, as an effect of the harmonic content reduction in
the output voltage, with a minimum at 1.5kW output power.
The maximization of the first harmonic component is also

S
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2 —
o -
§ . . -out ~—— m
E 92 —K- Efficiency —f- THD e S 20 [

90 : : 18

0.5 1 1.5 1.95

Power Output [kW]

Fig. 9: DAB Efficiency and magnetic tank output current THD
analysis in relation to the load value.

noticeable from Fig. 10, in which the peak value of both
the current waveform and first harmonic component are very
similar to each others. Furthermore, in Fig. 9 the converter
efficiency concerning the conductive power losses is shown. It
highlights that there is no particular effect related to the current
wave THD. Moreover, as expected, its value decrease as the
power output increase, with a maximum of about 98% and
a minimum of 94% concerning the minimum and maximum
output power, respectively.

In Fig. 11, the DC-link output and the capacitor bank
currents are reported, which confirm the achievement of the
zero-flow-back current goal for each output power. Moreover,
it can be noted that extended intervals at zero-current are
present. These are for ensuring the zero-flow-back current in
the output side. As a consequence, a lower average current i.e.
output power is present in the converter due to the TPS control
strategy as foregrounded in the power analysis of Section
IV-A.

In this way, the effectiveness of the proposed TPS control
strategy is fully demonstrated, particularly in maximizing
the power associated to the first harmonic component and
eliminating the flow-back current contribution in the output
DC-link.

Finally, in Fig. 12a and Fig. 12b the dynamic behaviour of
both the output DC-link voltage and the control variables under
step-load variations from 0.5kW to 1.5kW and vice versa are
reported, showing a good dynamic performance.

V. CONCLUSION

In this paper, a co-simulation study of a laboratory-based-
prototype Dual-Active Bridge converter is proposed. The mod-
elling has been developed concerning the Fourier expansion of
the magnetic thank voltage waveforms, particularly regarding
the First Component Analysis. Moreover, a Triple Phase Shift
that both minimize the voltage harmonic component and the
DC-link flow-back current on the output side is proposed. The
simulation results for an All Electric Aircraft 2.1kW, 270V
DC/DC conversion stage is shown. The results demonstrates
the achievement of the proposed target with an high conversion
efficiency. In particular, the output power associated with the
first harmonic component is maximized, while the reactive
power contribution is removed. Finally, good control perfor-
mances are achieved also for deep step-load variations.
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