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Abstract— High-density power conversion and energy
storage solutions were and are being explored for use in Electric
Aircraft (EA). A superconducting magnetic energy storage
(SMES) system is a promising candidate due to its fast response
and ability to satisfy large pulse loads as is expected from EA.
For the SMES, Dual Active Bridge (DAB) converters can offer
high-density power conversion and provide galvanic isolation.
This paper proposes a design methodology for a bidirectional
DC/DC converter using DAB converter and a MOSFET-based
chopper to interface SMES. This paper includes analysis,
performance prediction, and needs for implementation in EA.
The DAB/SMES system has been successfully designed,
analyzed, and is being optimized for application in EA.

Keywords— bidirectional, converter, dual active bridge,
electric aircraft, energy storage, superconducting

L INTRODUCTION

With the rise in research into More Electric Aircraft
(MEA), there is more need for high-density power conversion
and energy storage solutions, increasing research into
improving existing solutions (e.g., new control schemes) and
different operation modes (e.g., cryogenic operation of power
switches) [1]-[7].

For power conversion, a potential solution that assumes
the use of a DC microgrid (like Turboelectric Aircraft) is a
Dual Active Bridge (DAB) converter which provides
bidirectional power flow for charging/discharging energy
storage systems, galvanic isolation to minimize system noise,
be able to connect/disconnect storage systems and allow
different input/output voltages. The design flexibility of
integrating more bridges or changing control schemes, not to
mention the inherent Zero-Voltage-Switching (ZVS) to an
extent (mostly at high converter loading) are additional
benefits of DAB converters [1]-[6].

As for energy storage systems (ESSs), one option is to use
a Superconducting Magnetic Energy Storage (SMES) system,
as they have much higher power density than batteries,
supercapacitors, etc., faster response times in milliseconds,
very long operational lifetimes, high cycle life, and can satisfy
large pulse loads, though its disadvantages include higher cost
per kW, relatively high parasitic losses (mostly from using
power switches for the chopper circuit), and the obvious need
for constant cryogenic cooling [9]-[11].

While current literature has separately explored using
DAB converters for different loads [3]-[6] and some ESSs [8],
and SMES integration into systems (terrestrial grids via
chopper or hybrid solution for EA) [9]-[11], none have tried
to combine both for EA. This paper proposes a methodology
to design and control a combined DAB/SMES system for use
in EA, presents its operation using the PLECS simulation
platform, discusses its implementation, and uses simulations
to predict its performance.
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II. OVERVIEW OF THE DUAL ACTIVE BRIDGE
CONVERTER WITH SMES

The chosen specifications are shown in Table 1. They are
tentative to represent use in an on-board DC microgrid, but the
design process remains the same and only minor changes
would be needed to the process in some cases (a calculation
for sizing filter capacitors and ZVS limit analysis). The Single
Phase-Shift (SPS) DAB and the chopper to interface with the
SMES are used to have a baseline to improve upon and as they
have both been widely covered in literature. MOSFETSs are
used in the chopper circuit instead of IGBTs and Diodes to
reduce the standby loss [12]. Fig. 2 shows the combined
DAB/SMES circuit, and the current flow during one of the
two main conduction half-cycles of the DAB during
operation. Note that the switch names (i.e., S1, etc.) refer to
the whole unit, i.e., the MOSFET with the antiparallel diode.

TABLE L. KEY SPECIFICATIONS
Converter Specifications SMES Specifications
Switching 100 kHz SMES Inductance 862 mH
Frequency
Bus Voltage (from 270 V Maximum 3733 A/
MEA literature) Current/Power 100.8 kW
SMES-side Voltage | 270y | Maximum Stored 60 kJ
Energy
Transformer Turns 1:1 Charging Time (at 12
Ratio ) 2707) )
Maximum/Rated 105 kW /

Power 100.8 KW SMES Under Load
Voltage Ripple 0.6% / 50kW/
target at Poea 1.6V Example Load 1852 A

Leakage Discharge time at
Inductance (Result) 0.87 uH full load 0.9
Filter Capacitors 500 UF Energy Discharged/ | 45.2XkJ/
(Result) i Remaining 14.8 kJ

III.  SIZING THE DUAL ACTIVE BRIDGE

The SPS DAB converter is a well-known topology with
many variations presented in literature. The first step in
designing it is to size its leakage inductance, which is usually
sized at the maximum desired power, Pmax, which occurs at
50% phase shift, as determined using (1), (2) and (3):

_ XV <V <d(1-d)

Pou= 1
= (M
p — nx XV, XV, xd(1-d) d=0.5 XXV, XV, (2)
out zfs *Lext Prnax ext 8 Xfy *Prax
— _dxTy
d_tdelay Xzf;(_)tdelay_ P (3)

Where Lex is the inductance, f; and Ts are the switching
frequency and period (7s=1/f;), nx (or n) is the turns ratio, Viy
and V), are the Bus-side and SMES-side voltages (high and
low voltages usually), d is the phase shift between the primary



and secondary bridges, and Poy and Pmax are the expected
output/load and maximum powers, respectively. These are the
main design parameters of a SPS DAB DC-DC converter.

Fig. 1. Key DAB waveforms during charging mode

Now that the leakage inductance of the DAB has been
sized appropriately, the filter capacitors need to be sized to
minimize ripples, which can be critical for a SMES as high-
frequency ripples in superconductors can result in additional
AC losses. Before that however, the peak inductor currents
and average output current in both charging and discharging
modes need to be calculated at maximum power (i.e., Pmax at
d=0.5). The equations used to determine them are as follows:
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Where I, and I, are the two peak inductor currents, as
seen in Fig. 1 with the main switching intervals of the two
bridges, Iiv is the average SMES-side output current at a given
Pou during charging mode, and Iy is the average Bus-side
output current at a given P, during discharging mode.

The inductor current peaks are derived using the inductor
voltages and currents observed in Fig. 1 and the standard

»

t0 + tdelay = t1

inductor voltage-current-time relationship described in (8).
From the current peaks, the average inductor and output
currents can be derived with derivations discussed in [8],
briefly discussed in [5] and [6] and verified in their citations.

/th

V=L% o [di= (8)

For the charging mode, the SMES-side filter capacitor
would need to be sized. To do so, the time periods during
which the unfiltered SMES-side output current (orange in Fig.
1) is above the average current (red) are calculated, which are
tar (time between nxxI, and nxXIy, or t; and t;) and ta
(between nxxIy, and i), after which the charge during these
intervals can be determined (Qai and Qaz, respectively). The
capacitor Cy, can be sized using the percentage of ripple
required at the rated power (0.6% at 100.8 kW). From Fig. 1,
the behavior described by (8), the time periods, charges, and
ripple during charging are determined by (9)-(13), where Qai
and Qa; are the charges during ta; and tay, 11y is the SMES-side
voltage ripple, and Cy, is the SMES-side filter capacitor.
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A similar method of determining voltage ripple is shown
in [5] and [6], however an alternate method is used to
determine ta; here, since the value of the denominator (i.e.,
Vi-nxxVy,) would have been zero in this case, though both
methods provide the same result (i.e., the time during which
both primary and secondary bridge voltages are in phase).

Similarly, the Bus-side filter capacitor can also be sized,
with nxxI,;, nxxI,, and Iy replaced by I, I2 and Iy, to
determine the time periods, charges, and ripple as follows:
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Fig. 2. Combined DAB/SMES circuit diagrams with current flow during charging mode (top) and discharging mode (bottom)
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Where Qai, Qa2, and tas here are the equivalents of the
previous terms on the Bus-side bridge output, iy is the Bus-
side voltage ripple, and Chpy is the Bus-side filter capacitor.
Note that determining ta; using (9) is valid for both modes.

While the converter was sized at 105 kW at 50% phase
shift (d=0.5), the rated power is 100.8 kW at 40% shift (d=0.4)
to lower RMS current and current peaks, and those are used in
the previous equations to determine parameters, with the
average current reaching 373.3 A, while the current peaks
reach 625.4 A at 100.8 kW and 40% shift. If a specific output
power is preferred for sizing, or to determine the currents at
that output, the value of the phase shift, d, can be determined
by converting (1) into a quadratic equation as shown in (18),
solving it, and using the lower value of d in the previous
equations. The effect of phase shift on RMS currents is noted
among the design challenges in Section VI.

d-d+ (Fete ) o (18)

x>V, XV,

Also, as noted from simulations, if the output voltage
drops, and the PI controller becomes slightly unstable whether
from imperfect tuning or other reasons while the DAB is
operating at or near 50% phase shift, it may overcompensate
and increase the phase shift beyond 50%, leading to a
significant increase in RMS currents, inductor current peaks,
and thus losses, despite resulting in the same average currents.

IV. SIZING THE SUPERCONDUCTING MAGNETIC ENERGY
STORAGE SYSTEM

The SMES must also be sized for this system, and as such
needs a target load and the time for which it must be
maintained, since that determines the energy that needs to be
supplied, and that along with the peak converter current may
be used to size the inductance of the SMES. With that in mind,
the required inductance for the SMES is determined by:

2 2
T, = Esmesyax-Esmesmin __ Lsmes % Imax-1iy (19)
s = e = A v
e Piogd 2 VivxIpy
2 2
T _ Lsmes x Tmax-Iy _ 2%Pioad *Tdisc 20
disc ™ smes 2 2 ( )
2 VivXIpy Tnax-Try

Where Lgnes in the SMES inductance, Pioaq is the bus-side
load to be fed, Tais is the discharge time, Egmes refers to the
SMES stored energies (at max. and min. load maintaining
currents), Imax refers to the maximum SMES current (i.e., peak
rated SMES-side current for the DAB converter), and I, here
is the SMES-side current under the considered bus-side load
(In=Pioad/Vw). Additionally, the maximum and minimum
SMES energies can be determined as noted in (19) and (20),
while the SMES’ charging time (Tcharge) can be calculated by:

L x1,
T — ‘smes max 2 1
charge Vi ( )

For the example noted in Table I, a 50 kW Bus-side load
at 13.9% shift (d=0.139) is assumed to be fed for 0.9 s (i.e.,
45.2 kJ discharged). Using the load and peak SMES currents,

185.2 A and 373.3 A, respectively, in (20) results in a required
SMES inductance of 862 mH. From the example and (20), if
the desired load is higher, either the discharge time is reduced
for the same inductance (e.g., 85 kW for 0.2 s using 862 mH),
or the inductance is increased to have more energy available.
Thus, the SMES’ energy levels depend on the separation
between the SMES’ peak current and the load current, and the
SMES’ design depends on optimising the desired load
power/current and the charging/discharge times.

V. CONTROL OF THE DUAL ACTIVE BRIDGE AND THE
SMES

Charging (“Buck”)

Discharging (“Boost”)
(@)

(b)
Fig. 3. Simplified control block diagrams for: (a) SPS DAB and (b) SMES

Now that the two sections have been sized and designed,
they need to be combined. To do so, their operational schemes
must be discussed, since a traditional SMES uses a chopper as
previously stated, and that system would attach directly to the
bus in its simplest form. Simplified control block diagrams for
the charging mode are as seen in Fig. 3, with the charging and
discharging control loops for the DAB shown in Fig. 3(a) and
the SMES control loop in Fig. 3(b). As can be seen, the two
loops work in tandem but are not combined as the SMES
chopper is still used here.

As seen in Fig. 3(a), for the SPS DAB charging scheme,
the difference between actual and reference voltages are given
to a PI controller to get the phase shift between the primary
and secondary bridges that is needed to achieve the reference
voltage. The parameter that is controlled via the phase shift is
the SMES-side voltage during the charging mode, with the
phase shift being positive, while the Bus-side voltage is
controlled during the discharging mode, with the phase shift
being negative. Additionally, a fixed 50% duty cycle is used
across all switches (since this is the traditional Single Phase-
Shift scheme), resulting in the waveforms seen in Fig. 7.

As for the SMES control scheme in Fig. 3(b), its operation
is straightforward, charging whenever the SMES-side voltage
is at or above the reference voltage until the inductor current
reaches its peak rating (373.3 A), while it discharges when the
current SMES-side voltage is under the reference voltage.
This means that the SMES recharges the SMES-side capacitor
whenever its voltage drops, and they both act concurrently as
the power source for the DAB during the discharging mode.

In terms of simulation, as in the circuit diagram in Fig. 2,
where operation is forced in one direction or the other, and
only a DC voltage source and a resistive load are used on the
Bus-side, these loops seem to provide satisfactory operation
as will be shown in Section VII. The main change for a larger
simulation study, which would involve an EA microgrid on
the Bus-side instead of a voltage source/resistive load setup,
would include a timed delay for the charging mode to avoid



charging during or soon after a major or complete loss of
system power supply.

When implemented within a complete electric aircraft
system, additional parameters and conditions need to be
considered for control. For example, if the bus operates at a
wide range of voltages, peak, nominal, and minimum bus
voltages need to be considered for both sizing and control.
Another case is for power levels and thus different bus current
levels, meaning there would be a minimum bus current to
allow charging, and a minimum bus current under which
discharging would occur, with voltages considered similarly.

For physical implementation, as MOSFETs are used
across the DAB/SMES system to minimize losses, dead times
must be implemented to avoid short-circuits on the same leg.
In the SMES chopper specifically, dead times introduce
intermediate charging and discharging states where the diodes
conduct momentarily. Finally, both control loops are operated
at 100 kHz in the simulation but may be lowered for actual
implementation to allow for sampling and computational
delays [12]-[13]. In PLECS, the system’s control loops were
operated at 50 and 25 kHz with no major changes.

VI. CHALLENGES IN DESIGNING A DAB/SMES SYSTEM

The main DAB design parameters are voltages, power,
and frequency, and in terms of operation, there are three main
design challenges: Zero Voltage Switching (ZVS), switch
losses, and transformer design. This section discusses the
impact and process behind selecting the parameters prior to
finalizing the system design to deal with those challenges.

A. Zero Voltage Switching (ZVS)

The soft-switching operational range of the DAB is limited
by the operational duty cycle, the Bus and SMES-side
voltages (Vv and Vi, respectively), and the transformer’s
turns ratio (nx). The specifics are discussed below using the
voltage ratio, M, described in (22).

_nxx Vlv

M (22)

Viy

As seen in Fig. 1, each major switching operation during
the charging mode coincides with one of the two current
peaks. To look at the conditions behind this, Fig. 4 is used to
show the Bus and SMES-side switch voltages and currents as
well as the inductor current during a charging mode half-
cycle. The ZVS conditions and analysis are the same for the
discharging mode and are thus not duplicated here.

Fig. 4. Bus-side and SMES-side switches with leakage inductor current

From Fig. 4, it can be noted that the Bus-side MOSFETs
initially reverse conduct before forward conducting for most
of the conduction time, while the SMES-side MOSFETSs
reverse conduct for the most part before forward conducting
at the end, allowing for ZV'S operation in both bridges.

As seen in Fig. 4, - is the current the Bus-side switches
experience at turn-on at to, and as I itself is positive, the
current through the Bus-side switches initially flows in the
MOSFET’s reverse direction before reversing direction and
flowing forward through the MOSFET. This means that for
Bus-side switches to have ZVS to minimize losses, I,> must
be greater than zero (i.e., positive). Taking I, from (5),
dividing both the numerator and denominator by the Bus
voltage Vi, and using the voltage ratio in (22) result in (23)
and (24), which define the Bus-side ZVS range in terms of the
phase shift and voltage ratio of the DAB converter.

_ VX QD) S, s MXQd-1)+1 = 0(23)

1
4 Xfy *Lext/Viy

P.

d>M—1
—2xM

(24)

Similarly, as can be seen in Fig. 4, -nxxIp, is the current
the SMES-side switches experience at turn-on at t;, and as Iy
itself is positive, the current through the SMES-side switches
flows in the MOSFET’s reverse direction for most of the
conduction period before reversing direction and flowing
forward through the MOSFET. This means that for SMES-
side switches to have ZVS to minimize losses, I,1 must be
greater than zero (i.e., positive). Taking I,; from (4), dividing
both the numerator and denominator by the Bus voltage Vi,
and using the voltage ratio in (22) result in (25) and (26),
which define the SMES-side ZVS range in terms of the phase
shift and voltage ratio of the DAB converter.

Vi *x(2d-1) +(nx % V[v))/th >0 —

,=t
pl
4 st *Lext/Viy

Qd-D+M>0 (25)

d eSS (20)

Based on (24) and (26), a graph showing the range of ideal

ZVS operation can be plotted against the voltage ratio (M) and

operational phase shift (d) as seen in Fig. 5, with areas where
ZVS is retained or lost denoted for a SPS DAB converter.

Fig. 5. ZVS and non-ZVS operational ranges for a SPS DAB converter

B. RMS currents

For the switch losses and transformer design, they both
involve the RMS inductor current and inductor current peaks
since they determine the currents and losses across the



transformer and the switches, in addition to transformer core
and winding designs, cooling, etc. From the current peaks in
(4) and (5) and from the waveforms in Fig. 1, the RMS
inductor current can be derived, with the full derivations
discussed in [8]. The main equations used to determine the
RMS inductor current during the charging mode are thus:

Vi H(nxx v, x(2d-1))

T A—— 27
IAp :Ip2' pl (28)
I
4,=3 X1£1 * (L etayts1) (29)
Ts 2 Ijﬁ
BI :(? _tdelay) x (Ipl + 3 +1Ap X[pl) (30)
Cy=5 Bty 31)

i = = (4,+B,+C)) (32)

Where s is the RMS inductor current during the
charging mode, tg; is the time between I, and the inductor
current reaching zero, tqlay iS the phase shift between the
primary and secondary bridges in seconds as seen in (3), f; and
Ts are the switching frequency and period (7s=1/f;), lap is the
difference between the two inductor current peaks, and Ay, B,
and C; are parts of (32) separated for clarity. In a similar
manner, the RMS inductor current during the discharging
mode can be determined as follows:

_ (nx x V) +Vyy x(2d-1)

tBZ_ 4><fY X(thﬂlxXV[V) (33)
I
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B2=(? 'tdelay) x ]p2+ T'IAp X[pZ (35)
!
C2=§ XI;] Xtgs (36)

2
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Where I is the RMS inductor current during the
discharging mode, tg; is the time between I,; and the inductor
current reaching zero, tqlay is the phase shift between the
primary and secondary bridges in seconds as noted in (3), f;
and T; are the switching frequency and period (7s=1/f;), and
Az, By, and C; are parts of (37) separated for clarity. Given the
same input parameters, (32) and (37) will give the same result.

Now that the RMS currents can be determined along with
the current peaks, I,; and I, they can all be used to determine
whether a chosen design meets loss and efficiency targets,
feasibility in terms of current and voltage stress for device
selection (equations covering per device stresses are derived
and shown in [8]), design targets for the transformer, etc.

In the scenario described in the overview in Section II, the
system shown here had pre-determined voltages, transformer
turns ratio, and peak power requirements, thus narrowing

down DAB design. However, if a specific operating load and
Bus voltage were targeted, and the system was to be built
around optimal RMS current, a different approach is used.

For example, assuming the DC bus voltage is 270 V, and
a nominal load of 50 kW, Equation (1) can be rearranged to
calculate the leakage inductance Lcy. Then using (4), (5), (22),
and (27)-(32) to determine the inductor current peaks and
RMS values under various voltage ratios and target phase
shifts, the range of RMS currents can be determined and
plotted as seen in Fig. 6.

Fig. 6. RMS current vs duty cycle at different voltage ratios

As can be seen in Fig. 6, the design used in this paper, with
avoltage ratio of 1 (i.e., M=1) and targeting 50 kW ata 13.9%
phase shift (d=0.139) results in nearly the lowest RMS current
at 204.8 A. In this case, lower voltage ratios (i.e., Viy >
nxxVy) always resulted in higher RMS inductor currents,
while higher voltage ratios (i.e., Vi < nxxVy) resulted in
lower RMS currents at higher phase shifts. Similar plots can
also be made for the current peaks. Additionally, the design
can be varied provided the leakage inductance and transformer
design are physically and electrically feasible and provided
the SMES-side voltage is not fixed or limited by other factors.

VII. SIMULATED SYSTEM OPERATION AND RESULTS

(a) Charging mode (b) Discharging mode

Fig. 7. Key DAB waveforms during charging and discharging modes

As the DAB and SMES have been sized and the control
schemes have been implemented, the performance, and the
operational waveforms of the DAB/SMES system need to be
shown to explain and observe its operation, and to determine
how and where improvements can be made. As the circuit
diagram and waveforms are shown and DAB operation can be



derived in the same way in both modes, only the DAB
section’s charging mode operation will be detailed in this
section. Fig. 7 shows some key current and voltage waveforms
concerning the performance of the DAB section of the system.

Using Fig. 7 as well as the circuit diagrams in Fig. 2 for
reference, the DAB charging operation can be explained.
Practical dead-times aside, there are five main switching times
in a switching cycle (Ts): to at which the first Bus-side switch
set, S1 and S4, are turned on; t; when the complementing
SMES-side switches, S5 and S8, are turned on; t; when S3 and
S2 are turned on after turning off S1 and S4; t; when S6 and
S7 are turned on after turning off S5 and S8; and finally the
next to (also called t4) when S1 and S4 are turned on again.
These details can be seen more clearly in Fig. 4.

During the main conduction periods when both the
primary and secondary voltages are in phase, i.e., between t,
and tp, and between t3 and ts/to, only forward conduction
occurs through the Bus-side MOSFETs while only reverse
conduction occurs through the SMES-side MOSFETSs. During
the intermediate periods when the primary and secondary
voltages are not in phase, i.e., between ty and t; or between t»
and t3, current shifts direction in both bridges prior to the next
conduction period, leading to a “power backflow” (called
reactive power in some studies) where no useful power is
delivered to the load. This facilitates the soft switching
inherent to the DAB, but also causes higher RMS current and
current peaks. These limits, explained in Section VI, have
been described and mitigated in literature, and solutions will
be explored in this system in future works [1]-[6] [8] [13] [14].

Fig. 8 shows the gate signals of the SMES chopper (1 is
On, 0 is Off), the voltage and current of the SMES, and the
SMES-side capacitor voltage, during both modes. Based on
the control scheme in Fig. 3(b), switches S1x and S3x are
turned on to charge the SMES until it reaches its peak current,
at which point S1x and S2x are turned off and on, respectively,
to enable the standby mode of the SMES chopper. When the
SMES switches to standby mode, as seen in Fig. 8 (a), the
SMES-side voltage spikes since the DAB still delivers power
and the load is now just the filter capacitor. The frequency and
tuning of the PI controller will affect the duration and peak of
the voltage spike, but it should minimize the duty cycle to near
zero as it will now simply maintain the capacitor voltage at the
reference voltage until the SMES current decreases.

(a) Charging mode (b) Discharging mode

Fig. 8. SMES waveforms and SMES-side capacitor voltage in both modes

During the discharging mode, the SMES chopper
alternates between its standby and discharging modes, the

latter of which sees S2x and S4x turned on to discharge the
SMES and thus maintain the SMES-side voltage at or above
the reference voltage, then switching to standby at times when
that condition is fulfilled, as seen in Fig. 8 (b). The current
flow for the SMES in all modes is also shown in Fig. 2.

VIIL

This paper focused on the design methodology combining
a DAB converter and full bridge chopper for SMES
integration to provide a high-power density solution for EA.
The system was successfully designed with component sizing
and control schemes discussed for both the charging and
discharging modes, in addition to briefly discussing the
challenges involved in physically implementing the system.
Soft-switching requirements and reduction of RMS currents,
current peaks, and thus losses, were also considered during the
design process. And finally, the performance of the combined
system was presented using the PLECS simulation platform.

CONCLUSIONS
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