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Superconducting power filter for aircraft electric

DC grids

Frederic Trillaud, Bruno Douine, Loic Quéval

Abstract—A new device, referred to as Superconducting Power
Filter (ScPF), is introduced to improve the stability of aircraft
electric DC grids. This device is made of a non-inductive
superconducting coil connected in series with a conventional
RLC filter. The superconducting coil behaves as a nonlinear
current-dependent resistance. By design, the superconductor does
not undergo a full transition to the normal-resistive state and
remains in the current-sharing regime. Thus, a quick response
and recovery of the superconductor to transients can be achieved.
In the present work, the thermo-electric model of the device
incorporates a refined description of the transition from the
superconducting state to the normal-resistive state of the super-
conductor. To check the feasibility of passive stabilization of
embedded DC grids using ScPF, different widths and lengths
of commercially available 2" generation High Temperature
Superconducting (2G HTS) tapes were considered. We chose a
case study simulating an equivalent circuit of a More Electric
Aircraft (MEA) with an EPS-A3 architecture. For this particular
case study, it is shown that the stability limit of the DC grid
can be significantly increased, while preserving the reliability
(no quench) and low cost (only a few meters of superconducting
tape) of the ScPF.

Index Terms—More Electric Aircraft, embedded DC grid,
stability, superconducting power filter, thermo-electric model.

I. INTRODUCTION

OME architectures of modern electric aircraft may be

relying on DC grids [1], [2]. As all DC grids, stability
can be an issue when the power demand varies abruptly due
to the interaction between the source and the load [3]. The
simplest therefore robust approach to deal with stability of DC
links is a conventional RLC passive filter. The short-coming
of such approach is the limited range of stability offered by
predetermined values of resistance, inductance and capaci-
tance. More complex technologies rely on active measures
to get a dynamic response [4]. However, the drawbacks of
implementing additional systems are the decrease in reliability
and in efficiency which are two important parameters in
aircraft applications. Therefore, an alternative passive tech-
nology, referred to as Superconducting Power Filter (ScPF)
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or superconducting stabilizer is proposed here. It combines
a resistive superconducting component (SCC) with a classic
RLC filter [5]. In its construction, the SCC is similar to a
resistive Fault-Current Limiter (r--ScFCL) [6]. However, it is
operated in the current-sharing regime of the superconductor
to behave as a dynamic resistance. Thus, it provides stability
with operational safety margin since the superconductor never
undergoes a full transition from the superconducting state to
the normal-resistive state by design [7].

Hereinafter, a refined model of the ScPF is presented.
This model is an improvement on previous thermo-electric
models published for r-ScFCL [8], [9] by adding an additional
level of details of the transition from the superconducting to
the normal-resistive state of the superconductor, namely the
current-sharing regime of 2G HTS tapes [10].

In the present work, the equivalent DC grid of an electric
aircraft is simulated and the impact of the design of the
ScPF on its stability is analyzed. For different widths of
commercial REBCO tapes therefore different values of critical
current, the minimum lengths required to ensure stability
under the requirement that the SCC should be operated in
current-sharing regime are estimated. Using the RLC filter as
reference, it is shown that the power stability limit can be
significantly extended at short lengths of HTS tape (a few
meters). This makes the ScPF an attractive solution to push
further the stability of existing DC links for modern aircraft
electric DC grids.

II. DESIGN OF THE SCPF

The ScPF is constituted of a SCC connected in series with
a conventional RLC filter. The latter provides a baseline to the
power stability limit. The SCC follows the same design as a
r-ScFCL and adds a dynamic resistance to the overall filter.
Thus, the winding of the superconducting coil is such that its
inductive component is canceled [11]. An additional metallic
shunt resistor, located at room temperature, is connected in
parallel to the superconducting coil to add an additional control
on the amount of resistance reached by the device during a
transient event as well as enabling a passive protection to
the superconducting coil to avoid any damages to the SCC
in case of extreme events. As a result, the SCC resistance
depends solely on the current, going from zero when the
current is well below the critical current of the SCC I. ¢ to
a dynamically changing value around and above [ ... In the
following study, the SCC is wound with a single non-insulated
commercial Cu-stabilized 2G HTS tape with a 20 um layer
of Cu on both side of the tape, 2 um layer of Ag, a 1 um
layer of REBCO, a negligible 0.2 um of buffer layers (not
considered in the model), a 50 um layer of Hastelloy, a 1.8 um



layer of Ag as manufactured by Superpower Inc.. Its shunt
resistor has a resistance Ry, equal to 10 mQ. In the present
work, different tape widths and lengths are compared. From
the manufacturer’s catalogue, for a Cu stabilized tape [12],
the widths and the corresponding minimum critical currents
measured at 77 K in self-field (/o) are: 2 mm (50 A), 3 mm
(75 A), 4 mm (100 A), 6 mm (150 A) and 12 mm (300 A).

III. IMPROVED THERMO-ELECTRIC MODEL

Some key aspects of the model and equations are recalled
hereinafter. Additional information can be found in [9], [13].
The main assumptions are: (1) the tape has homogeneous
and isotropic properties along its length, (2) its entire length
undergoes the same transition during transients, (3) it is evenly
and fully cooled by LN2 at Tino = 77 K [14], (4) its
critical current is the critical current of the SCC. Under these
assumptions, the heat balance equation is solved across the
thickness of the different layers of the tape using an implicit
scheme as follows,

Toiar = (Cps— AW) ™' [Ar (P — Q) +Cp, T] (1)

where ¢ represents the current time and At the time step. T
gathers the temperature computed at the center of each layer.
Since the shunt resistor is located at room temperature, it is
not included in the thermal model. The different tape layers
dissipate active power according to P =R i.\2 (element-wise
square power), with R a matrix lumping the resistances of
the tape layers and i a vector of the currents flowing in
the corresponding layers during current redistribution. The
surfaces of upper and lower Cu stabilizers exchange heat
power Q with the LN2. The corresponding heat flux depends
on the temperature difference between the bare Cu surface and
the liquid nitrogen. The matrix of resistance R, the matrix of
heat capacity C;, and the matrix of thermal conductances W
depend on temperature through the resistivity, specific heat
capacity and thermal conductivity of the different materials
making the tape layers. The temperature dependence of the
material properties were found in the database of the National
Institute of Standards and Technology (NIST) [15].
The voltage drop along the tape vy is given by [16] as,

. n
l
Vsee = Ve <Isc> )
c

where V. = [,E; is the critical voltage across the length of
the tape [y, (E. =1 uV/cm), i is the current flowing through
the superconducting layer and 7 is the transition index which
depends on temperature as presented in [9]. The critical current
I. of the tape depends linearly on the temperature of the
superconductor as in [17], and,

L. = I, Ting <T < T

Tes — T
IC:ICO(T::—’E;)’ Tcs<T§Tc (3)
L=0, T

where Iy is the minimum critical current measured at 7} np in
self-field and T is the critical temperature of the superconduc-
tor equal to 92 K. The current sharing temperature 7 is given
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Fig. 1: Case study: equivalent DC grid. The power source (PS)
supplies the controlled power load (CPL) through a ScPF.
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To obtain the current distribution in the different tape layers

and the shunt resistor, it is necessary to solve,

. o\n
Ve (l;TC) +Rm,sh (isc - i) =0,

i =isc+im+ish

&)

where ig, and i, are the fractions of total current i flowing
in the shunt resistor and the metallic layers of the tapes,
respectively. Rmsh is the equivalent resistance of the combined
metallic layers and shunt. The current in each layer k including
the shunt is derived as ix = (Rscc/Rx)i, with Rscc the
equivalent resistance of the SCC and Ry the resistance of the
layer k.

IV. AIRCRAFT DC GRID WITH SCPF

Figure 1 illustrates the equivalent DC grid for a possible
More Electric Aircraft (MEA). The model is generic whereas
the values of the electric circuit are provided by the choice
of the specific architecture of type EPS-A3 such as found
in the Boeing 787 [18]. The source is modeled by an ideal
voltage source Vs which supplies a constant power load (CPL)
through the ScPF. The parameters of the DC electrical circuit
are: Vps =540 V, R=10 mQ, L =10 uH, and C =500 uF.
The corresponding simulation was carried out with Simulink
Simscape Electrical toolbox.

For aircraft application, we propose the following stability
criteria to design the ScPF for a stable operation of the DC
link:

1) the maximum temperature reached by the SC layer
Tsc.max during the power surge should be less than 90 K
so that the superconductor exclusively operates in its
current-sharing regime

2) the load voltage should be strictly positive at all time:
vepL >0

3) the peak-to-peak load voltage oscillations at the load
must be less than 1% of the average load voltage before
the end of the power surge,

I eti+t+5,6+T+HA) =

1 [
AvepL (l‘*) < 0.001 x <—/ vCpLdl‘> (6)
Tp Jre—1p

VCPL
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Fig. 2: Minimum tape length [y iy versus magnitude of the power
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Fig. 3: Maximum temperature of the superconductor layer Tsc max
as a function of the minimum tape length [y, min-

with 7, the period of the voltage oscillations, 7 the rise
and fall time of the power surge and Af, the duration of
a power surge.

V. RESULTS OF SIMULATIONS
For the different tape widths, the minimum length of con-
ductor necessary to ensure stability during transients power
surges are assessed. The power surges start at ; = 0.1 s and
last for Af, = 0.7 s with a rise and fall time 7 equal to 0.1 s
at a peak power Fs,.

A. Minimum tape length

Without the ScPF, the simulated power stability limit Prrc
was found equal to 142 kW under the proposed design
criteria!. Figure 2 shows the evolution of the minimum tape
length iy min as a function of the peak power Py,. As the power
is increased, the minimum tape length initially increases at a
slow rate. Then, when the power approaches a new power
limit, referred to as Pscpr, equal to 195%Pric (276.7 kW),
the minimum tape length diverges (meaning that no design
can satisfy the stability criteria). It is recalled that, due to the
chosen criteria for the SCC design, the full transition to the
normal-resistive state of the superconductor (SC) layer is not
permitted, therefore, the power stability limit with the ScPF

IThe classic analytical limit of power stability provided by the RLC filter
is recalled here for completeness, (RC/L) szs = 145.8 kW.
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Fig. 4: Load voltage (left) and load current (right) for
Psg=154%Pr1C an (218.7 kW) and a tape width of 3 mm for different
tape lengths.

is asymptotically achieved being strictly less than the power
limit given by the maximum resistance of the ScPF obtained
at full transition of the SC layer, i.e. R+ Ry, as discussed
in [7].

At powers below 180%Prrc (255.15 kW), the tape length
is of the order of meters for tape widths between 2 mm and
6 mm. For the 12 mm wide tape, the minimum tape length
is of the order of tens of meters. For this particular tape
width, it was found that it is not possible to damp the voltage
oscillations below 113%Pgrrc (160.8 kW, point ”A” in Fig. 2)
at any tape lengths. Indeed, the current drawn by the load
is well below the critical current and the temperature of the
superconductor, as shown in Fig. 3, remains close to the initial
operating temperature resulting in an insufficient value of SCC
resistance (of the order of tenths of milliOhm) to damp the
load voltage oscillations.

There is an overall tendency for the power stability limit to
diminish and /[y, min to increase as the tape width is increased
(Fig. 2). A combined effect arises between the increase in the
capacity of extracting heat through a larger tape width (larger
exchange surface with LN2) and the decrease in dissipation at
greater critical currents that lessens the SCC resistance which
limits the increase in temperature of the SC layer (of the order
of milliKelvin). As shown in Fig. 3, more tape length is then
necessary to achieve the resistance required to address the load
voltage oscillations. By adding more length, the resistance of
the superconductor still builds up following the power law
as the current gets closer or greater than the SCC critical
current (2).

The maximum power stability limit is achieved with a tape
width of 2 mm with a 80% increase of the power stability
limit on top of the power stability limit of the RLC filter.
However, the minimum tape length required is of the order of
thousands of meters (see Fig. 2). Furthermore, as in the case
of the 3 mm wide tape, the minimum tape length is non-zero
below Pric which indicates that the ScPF will operate and
therefore dissipates energy under the stability limit of the RLC
filter alone. It is not desired as the main idea is to minimize the
losses below the stability limit of the RLC filter and provides
extra stability margin above. Thus, the best trade-off is given
by the 6 mm wide tape with a power gain of 54% on top
of the power stability limit of the RLC filter at a maximum
temperature of 82 K well below the temperature criterion and
a tape length of only 2.44 m without power dissipation under
the power stability limit of the RLC filter as shown in Fig. 2
(ZeI'O l[p7min at PRLC)
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Fig. 5: Thermo-electric behavior of the SCC for 154%Prcan (218.7 kW) and a tape width of 3 mm. Left figures: lfp = 0.57 m, center

figures: lyp min = 0.6 m, and right figures: lt+P =6 m.
B. Response of the SCC around the minimum tape length

Figure 4 shows the voltage and the current of the load
for a power surge equal to 154%Pric (218.7 kW), a tape
width equal to 3 mm and three cases of tape length: 1) at the
minimum tape length (fipmin = 0.6 m), 2) at a shorter tape
length (/; = 0.57 m), and 3) at a larger tape length (lth =
6 m). Fig. 5 shows the corresponding results of the thermo-
electric behavior of the SC layer and the SCC for the three
cases. At the shorter tape length [, the SC layer undergoes
a full transition from the superconducting state to the normal-
resistive state (Tgc > Tc). At the minimum tape length [ min
and at a larger tape length lf;, the SC layer remains in the
current-sharing regime (Tsc max < 90 K). For all the three cases,
the current redistributes mainly between the metallic layers of
the tape and the shunt resistor which provides the necessary
damping to stabilize quickly the current and voltage as shown
in Fig 4. At Iy min, enough dissipation is generated to drive
the temperature Ts. above the current-sharing temperature 7cg
which provides enough resistance to reduce the load voltage
oscillation below 1%o of the average load voltage. As the tape
length is increased beyond the minimum tape length, lt‘; >
lip,min, the maximum temperature of the SC layer decreases
accordingly to reach a value lower than the current-sharing
temperature 7. However, as discussed in the subsection V-A,
despite a temperature close to the initial operating temperature,
the current flowing through the SCC is significantly larger
than the critical current and the current mainly redistributes
into the shunt resistor thereby dominating the resistance value
of the SCC. By increasing the tape length, it is possible
to push further the power stability limit while operating the

SCC even below the current-sharing regime facilitating the
compliance with the design criteria of the ScPF. At [, no
thermal equilibrium can be achieved as the superconductor
quenches over the duration of the power surge reaching a
maximum temperature of 272 K. However, such an extreme
operation is prohibited by design.

For all three cases, the dissipated power P remains of
the order of kiloWatts which can be taken out by a cryo-
refrigerator based on liquid nitrogen at 77 K as part of the
aircraft design [19], [20], [21].

VI. CONCLUSION

The issue of stability of a DC grid in a More Electric
Aircraft can be effectively addressed by a compact LN2-cooled
2G HTS Power Filter. The results obtained on an equivalent
circuit model of an existing EPS-A3 type architecture showed
that the stability limit can be significantly increased. Depend-
ing on the tape critical current arising from the choice of tape
width, the ScPF can be operated in the current-sharing regime
of the superconductor thereby increasing its reliability. For
its design, a trade-off between the maximum temperature of
the SC layer (safety margin) and the tape length (cost) has
to be considered for a safe and reliable operation of the ScPF
during transients. The same device could be implemented in an
hydrogen-powered aircraft. Indeed, the liquid hydrogen (LH2)
could then be used as indirect coolant for the LN2-cooled
HTS stabilizer. For better integration, future work may look
at a fully LH2-cooled device using MgB, wires for the SCC.
Further considerations can include the design of the associated
cryogenic system to assess the weight of the system to be
compared to alternative technological solutions.
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