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Abstract. The transition to electric propulsion aircraft requires electrical motors or generators with high power
density. The “zero resistivity” of the superconducting materials could be used in electrical machines to produce
high magnetic fields and reduce the use of heavy components such as the ferromagnetic parts. The discovery and
recent developments in High Temperature Superconductors (HTS) technology make the superconducting
machine a serious candidate in the future of aircraft. The design of a superconducting machine is strongly
dependent on its electromagnetic and thermal behavior. In this paper, the design of a 50 kW superconducting
aircraft generator is presented. The mass of the cryogenic cooling system is included into the design in order to
optimize the entire superconducting system. The study shows that the choice of the cooling temperature to
reduce the mass of the superconducting machine and its cooling system will depends on the input power of the

machine.

1 Introduction

The aerospace industry is primarily concerned by the move
towards electric propulsion alternatives with the desire to
improve fuel economy, reduced emissions or noises. The
Boeing 787 Dreamliner is a concrete expression of this
dynamic. The traditional pneumatic system was replaced
by an electric one. The installed electric power reaches the
MW level and is used to supply systems such as hydraulics,
engines start or wing ice protections. However, almost all
aircraft energy (~90%) is dedicated to the propulsion, thus
the major gain of efficiency should come from the
propulsion system. The technology to propel electrically
a large commercial aircraft is not yet ready but different
projects, such as Solar Impulse or Airbus E-Fan, are
advancing the technology. To supplant current propulsion
technologies, the electrical machine masses must be
reduced. The power-to-mass ratio is the main machine
design indicator in this type of application.

In this context, some studies about superconducting
machines have been conducted [1-3]. To date, there are few
superconducting machines built with a power greater than
MW and dedicated to aeronautic applications. Most of the
major achievements have concerned naval propulsions or
wind generators. These applications require low rotational
speeds and therefore the specific powers are not important,
unlike the specific torques. However, there are two
examples [4,5] of SC machines for aeronautics application
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constructed, with specific power above 9kW / /kg.
Superconductivity is a particular state of matter that
exhibits zero electrical resistivity when cooled below a
particular temperature called critical temperature. The
value of this temperature depends on the material used.
This feature allows a large electric current to flow through
the superconducting material. The magnetic field in the air
gap and the torque of an electrical machine using these
materials can thus be increased. The magnetic field is one of
the factors limiting the superconductor’s operating cur-
rent. However, this maximal current can be improved if the
temperature of cooling is decreased. The problem is that
the superconductors known have a critical temperature in
the cryogenic domain, typically < —200 °C. So the use of these
materials therefore requires a cooling system that becomes
heavier and less efficient as the cooling temperature decreases.
There is therefore a different behavior of the electrical
machines and the cooling systems as a function of the cooling
temperature. This leads us to believe that for each super-
conducting system, machine and cooling system, there exists
an optimal temperature that reduces the total mass.
Beyond the large possibilities of superconducting
machine topology [6,7], the flux modulation machine is
selected because of its brushless structure. This electrical
machine was already built in its radial form using low
temperature superconductors [8,9]. For this project, the
axial topology is selected which seems to have a higher
power-to-mass ratio. The active components of this
machine appear in Figure 1. Moreover, the electrical
machine will use High Temperature Superconducting
(HTS) materials which have a more flexible variation of
cooling temperature than the low temperature one. The
principle of operation and the components of this particular
superconducting machine are explained in the first part of
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Fig. 1. View containing the active elements of the super-
conducting machine.

the paper. Then the second part is dedicated on the sizing
of the superconducting system which include the super-
conducting machine and its cooling system. We will see
that this study requires the knowledge of the electromag-
netic and thermal behavior for which different semi-
analytical, analytical and numerical models will be
proposed.

2 The superconducting machine

As explained previously the superconductivity phenome-
non appears under a critical temperature, depending on the
material used. For the superconductors of this project, the
temperature is 90K for the YBCO and 110K for the
BSCCO. The study of the superconducting system is
limited by data obtained from the manufacturer of
superconducting materials. In our case, the different
temperature tested will comprised between 77 K and 20 K.
The flux modulation machine is classified beyond the
partially superconducting. The inductor is the only
superconducting part and is composed by:
—a HTS coil, which is supplied by a DC current and
generates an axial magnetic field, called the main field.
— several HT'S pellets or shield, which reacts to the field of
the HTS coil.

In the initial state, the superconducting elements are
cooled below their critical temperature and no current is
applied in the superconducting coil. Therefore, the total
magnetic field is zero. Then, a ramp of current supplied the
HTS coil. The HTS pellets see a variation of the flux so a
current is induced by the Lenz law in order to oppose the
main field. These currents, induced in the HTS pellets, will
create a magnetic field that will oppose in direction the one
created by the superconducting coil. So, the total magnetic
field will be reduced near the pellets. Between two pellets,
there is a non-magnetic and non-conducting material that
has no effect on the magnetic field produced by the SC coil.
So, if we consider Figure 1, the magnetic field is reduced
behind an HTS pellet and equal to the magnetizing field
between them. The combination of the coil and the SC

pellets creates the spatial variation of the magnetic field
necessary for any electrical machine. This superconducting
phenomenon is called the diamagnetic response. Because of
the zero resistivity of the superconductors, the current
induced inside the HTS pellets are trapped and remains
constant even once there no more variation of the magnetic
flux density when the maximum DC current into is
reached.

Finally, the remaining part of the machine is the
armature winding which is composed by a three-phase
copper winding. A concentric winding is used in our
application in order to reduce the total weight. The real
advantage of using superconductivity is to remove most of
the ferromagnetic materials. Therefore, the iron teeth are
removed while the thickness of the back-iron is largely
reduced. Without iron teeth, more space can be dedicated
to the copper coil in order to increase the electromagnetic
torque.

Figure 2 shows the magnetic flux distribution on one
copper coil of the armature winding. In Figure 2a, one part
of the armature coil is exposed to a high magnetic field and
the other part is shielded by the HTS pellet. This difference
will create an electromagnetic torque. In Figure 2b,
otherwise both part of the armature coil is submitted to
the same level of magnetic field. As the current direction in
these parts is opposite, the total electromagnetic force is
zero. The main geometrical and electrical parameters of the
superconducting machine are given in Table 1.

3 Design of the superconducting machine

The superconducting machine design is based on the
knowledge of the electromagnetic field and thermal
behavior.

3.1 Electromagnetic design

The flux modulation, evoked previously, is a 3-D
electromagnetic problem due to the intrinsic geometry of
an axial-flux machine. This kind of numerical problem can
be time consuming when dealing with the superconducting
behavior [10]. Numerical methods, as Finite Element [11] or
other methods described in [12], are however essential to
calculate accurately the induced current inside the pellets
and so the magnetic behavior of the superconducting
inductor. For these methods, the variation in the resistivity
of superconductors is given by a power law. This law
depends on the material and is obtained from experimental
measurements. In numerical models, the resistivity p of
superconducting materials is written with:

E. (1 V"
T.(B.T) (JC(B,T>) T

where F and J are respectively the electric field and the
current density in the superconducting tape. Ec and Jc are
the so-called critical quantities of superconducting materi-
als. The standard sets E, at I wV /cm for high temperature
superconductors. The maximum current density J. that
can flow through the superconducting tape is reached when

E = p(|lJ[)J =
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Fig. 2. Magnetic behavior of the flux modulation machine in the
(a) maximum torque configuration (b) minimum torque config-
uration.

measuring £ = F,... The parameter nrepresents how sharp is
the change of the resistivity. In our problem, the
temperature is an input, which is therefore imposed. The
variation of J,. and n with the magnetic field are obtained
experimentally and then interpolated by [13]:

Jo
J.(B) = @ (2)
n(B) =ny + ﬁ (3)

Table 1. Electrical and geometrical parameters used for
the superconducting machine.

Type Value
Poles-pairs 5

HTS coil diameter 353 mm
HTS coil length 69 mm
HTS coil thickness 10.5 mm
HTS bulk radius 40 mm
HTS bulk center 114.5 mm
Total air-gap 4.5 mm
Critical current density 230 A /mm?
Outer radius copper coil 145 mm
Inner radius copper coil 84 mm
Thickness copper coil 9.5 mm
Width copper coil 13 mm

.

«— B,=1,1T

Air

z-axis
(r=0)

a)

z-axis
(symmetry)

b)

Fig. 3. (a) 2D axismetric problem solved. (b) 2D distribution of
the current density norm.

where Je, is J, for ||B|| =0, n; and ng are respectively the
n-value for ||[B||=0 and ||B|| > B, and B, is the
interpolation constant.

We will simplify the 3D problem of the machine into a
2D axisymmetric, shown in Figure 3a, in order to show
how the current induced in the pellet is distributed.
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Table 2. Electrical and geometrical parameters used for
the HTS shield simulation.

HTS pellet

YBCO
1000 A /mm? [14]

Superconducting material
Je0 (30K, 1.1 T)

n0 (30K, 0 T) 30
nl (30K, B> 1.1T) 20
Radius of the pellet R 40 mm
Maximum magnetic flux applied 1.1T
Interpolation constant (B0) 4T
10 x10°
E
E 57 1
<
ﬂ%
0 L L L h Il
0 0.01 0.02 0.03 0.04 0.05
2 |- -
e
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Fig. 4. Magnetic flux density and current density penetration
into the HTS shield.

The parameters used for this simulation is described in
Table 2. The HTS shield is placed into a magnetic flux
density with a maximum value of 1.1 T. This magnetic field
is equivalent to the one generated by the HTS coil at the
mean radius. Figure 2a represents the 2D axisymmetric
problem solved using the relation (1).

The 2D distribution of the current density is shown in
Figure 3b. This distribution is typical of superconductors,
there is an area where the current density is equal to its
critical value, i.e. #1000 A/mm” and an area where the
current is zero. The results are shown in the super-
conducting pellet’s heart in Figure 4. The penetration
length of the current Lp is calculated on the axis of
symmetry of the superconducting pellet according to the
thickness. Then, the distance where the current is different
of 0 correspond to Lp. The value of the penetration for the
2D axisymmetric model is 2mm, or 5% of the HT'S shield.
As expected, beyond this region where the superconducting
current is zero, the magnetic induction is perfectly vanished
by the screen’s diamagnetic reaction. The magnetic flux
density is also plotted 5 mm above the HT'S pellet in order to
observe the flux modulation principle.

The use of the non-linear resistivity law makes the
resolution of the problem very time-consuming. The design

Yo o
s o J(B)
SogpopP- c
o o J @)
O 1 L L L 1 Il
0 0.2 0.4 0.6 0.8 1 1.2
0 (rad)
b)

Fig. 5. Magnetic distribution behind a HTS pellet at different
radius.

process therefore consists in carrying out a sizing of the
superconducting machine with a perfect diamagnetic
behavior of the HTS shields. This hypothesis is correct
only if the penetration depth is sufficiently small compared
to the size of the pellet and decreases significantly the
computation time. The magnetic distribution over a pole
angle is calculated using the finite element method with the
diamagnetic hypothesis and represented in Figure 5. In the
same figure in dotted line, the flux modulation with the real
behavior in 3D now, using (1), is shown. In this situation,
the perfect diamagnetic behavior is good.

An example of the penetration length’s effect on the
torque is shown in Figure 6 with the superconducting
machine described by Table 1. In this case, the torque is
divided by 2 when the current penetrates 1/4 of the
superconducting pellet. Once the sizing choices made, a
numerical resolution using (1) should validate this design.

3.2 Thermal design
3.2.1 Non-cryogenic region
The copper coils and back iron are considered in the

thermal design. The losses in these elements occur in a
thermal model that determines the maximum value of the
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Fig. 6. Decrease of the torque with Lp.

current in the coils of the armature winding. The
temperature of the copper wires should be investigated
to not exceed the maximum temperature of the electric
insulation.

These elements operate at ambient temperature. The
DC losses of the non-superconducting elements are
obtained by the classical methods.

L
P, =24p—-1 4
J an2 ( )

where R is the radius of the wire, p the resistivity of the
copper, L the total length of one coil and I the effective
current flowing through the coil. The coefficient in (2)
corresponds to the number of coils for a 12/10 winding with
double stator topology.

However due to the absence of iron teeth, the magnetic
field on the copper wire is important and contribute to
generate large AC losses. A standard analytical formula is
used. It gives the analytical solution of the eddy current
losses in a single round conductor laying in sinusoidal
magnetic field.

_U=))*(2R)*B?

P
e 8p

(5)

where [ is the length of the conductor exposed to the AC
magnetic field, fthe frequency of the magnetic field and Bis
the effective value of the magnetic flux density seen by the
conductor.

In order to obtain the total eddy current losses, the
calculation must be performed on every conductor of each
coil. The magnetic field in the air gap of an electrical
machine is composed of several harmonics that also creates
AC losses, the method described by Wang et al. is then used
[15].

The iron losses P; are composed of hysteresis losses
Py, eddy current losses P, and additional losses P44,
which is an empirical corrective factor [16]

Pri = CuysrfB* + Copf*B? + Cpxc f*?B*%. (6)

Mechanical
stress

Pellet
penetration

Joules &
iron losses

i

Torque

Cryocooler
mass

Machine

Optimization

W—p‘ Jc calculation

Thermal
losses

Fig. 7. Optimization process.

Most of the coefficients of (4) are empirical, however when
the skin effect can be neglected the coefficient of eddy
current losses for a lamination thickness d is:

1
Cop = —n°d? 7
CF Gpn ( )

where p the resistivity of the copper

The coefficients of hysteresis losses and additional
losses are generally obtained from the material manufac-
turer’s curve. An iron with 3% of silicon was chosen for this
application.

3.2.2 Cryogenic region

At cryogenic temperature, the AC losses in the super-
conducting pellets and the thermal losses are studied. The
harmonics generated by the armature winding create the
AC losses in the superconducting elements.

The thermal losses are estimated by the analytical
equations for conduction and radiation losses. The
convection losses are negligible because superconducting
elements are placed in the vacuum. All equations for the
calculation of cryogenic losses have been presented in a
previous work [17].

3.3 Optimization of the superconducting system

The mass optimization of the superconducting system
(superconducting machine and its cooling system) is then
achieved by combining electromagnetic and thermal
models. The detail of the optimization phase is shown in
Figure 7. We will use a genetic algorithm (GA) in order to
find a solution to this highly non-linear problem. The
optimization algorithm is the GA implemented in
MATLAB. Start with a given cooling temperature, the
geometric variables, seen in Table 1, are randomly
generated by the GA. The dimensions of the coil and the
cooling temperature will size the J,.and thus the torque, the
joule and iron losses as well as the mechanical stresses on
the coil are obtained by a semi-analytical model [18]. The
rest of the parameters are used for the thermal and mass
calculation of the machine.

The mass of the superconducting machine M, is
calculated with the volume of every active and non-active
element accounted for.
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Fig. 8. Optimization of a superconducting machine of 50 kW
with its cooling system.
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Fig. 9. Optimization of a superconducting machine of 1 MW
with its cooling system

The cryogenic losses P, in the cryostat is correlated
with the mass of the cooling system M., The following
relation gives a trend-line equation based on the current
technology of cryocooler to link the mass, the losses and the
operating temperature T [19]:

M epoter = 157(700333T) o p (0.000T+0.1275) (8)

Behind this equation is mainly hidden the weight of the
cold-head, the compressor, the connection between the
cold-head and the compressor, the cold-head cryostat. The
optimization of a superconducting system is performed on
two different machines. The first one uses the first
generation of superconducting tape (BSCCO) and has a
power of 50 kW, shown in Figure 8. The second is a 1 MW
machine that uses the second generation of superconduct-
ing tape (YBCO), the results are presented in Figure 9.

Table 3. Evolution of the mass of the YBCO machine
with the power.

P (kW) 50 100 200 500 1000
Machine mass (kg) 5 21 29 45 63
Non-active mass (kg) 8 1 13 18 23
Cooling system mass (kg) 121 123 126 132 140

As a result, the optimal temperature depends on the
application. This result shows that a superconducting
system is not optimal at low temperatures because the
power /weight of the cooling system is too important for
these temperatures. On the other hand, for a temperature
close to the liquid nitrogen one, the performance of the
superconductors becomes low and the power of the
machine, constraint of the optimization, is achieved by
increasing the volume/weight of the machine and the
amount of superconducting material used. Concerning the
machine of 50kW, the highest power-to-mass ratio is
obtained with an operating temperature of 66 K. While this
temperature is 50K for the 1 MW machine. At these
temperatures, the power-to-mass ratio is 0.6 kW /kg for the
50kW and 6kW /kg for the 1 MW. High temperature
superconductors are usually cooled at 30K in super-
conducting machine application. However, if the mass of
the superconducting system must be optimized, the whole
system is 20% heavier at this temperature in the 1 MW
case. The mass of the cooler doesn’t increase a lot with the
power (50kg for 50 kW and 80kg for 1 MW). This shows
the interest for high power superconducting machine
because the mass of the cooler increases slower than the
mass of the machine.

Finally, Table 3 presents the evolution of the mass of
the non-active elements of the superconducting machine
using the YBCO technology. It can be seen that these
masses, mainly due to the weight of the cryostats, do not
evolve proportionally with the total mass of the machine.
This result shows that a superconducting machine can be
penalizing for a low power machines but interesting for
higher powers.

4 Conclusion

The sizing of a superconducting system requires the
knowledge of the magnetic and thermal behavior of the
machine. The optimal operating temperature of a super-
conducting system depends on the power of the machine
and the generation of superconducting tape used.

On the examples given, we observed that the super-
conducting technology is more interesting in terms of
power-to-mass ratio than the standard technology of
machine (about 5kW /kg) for a MW-class machine [20].

These optimal temperatures are obtained with a trend-
line on the current technology of cryocooler. These cooling
systems are not specially designed for aircraft. So, in the
future, the power-to-mass ratio is expected to increase with
the development of new cryocooler.
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Finally, a 50-kW prototype was built, based on this
topology [21]. A presentation of the different step of
manufacturing and the cooling system is presented in this
work.
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