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Some of the challenges associated with developing electric aircraft propulsion systems
include developing powertrain components that are both efficient and light-weight. In
particular, electric motors must simultaneously achieve high efficiency by minimizing
electrical and mechanical losses while also achieving high specific power by increasing the
torque and/or speed. Normally, increasing torque or speed will increase electrical and
mechanical losses. The High Efficiency Megawatt Machine (HEMM) minimizes electrical
losses by incorporating a superconductor to enable increased current on the rotor. The rotor
spins in a vacuum to minimize thermal and mechanical losses. Some organizations have been
developing superconducting rotors for similar reasons using either cryogenic fluid transfer
systems, fully immersed cryogenic cooling, and in a few cases, built-in cryogenic cooling on
the rotor using a Brayton or Stirling system; however, the implementation was too large or
inefficient for effective motor integration. Instead, a new approach for cryogenically cooling
the superconducting rotor coil with an embedded rotating cryocooler is presented that fits
completely within the rotating shaft.

I. Nomenclature

Ax = piston maximum amplitude of oscillation

Vy = piston maximum velocity amplitude of oscillation
\Y = linear machine coil voltage

Cs = motor constant

Fp = force on the piston

I = linear machine coil current

P = power

f = oscillation frequency

I1. Introduction

Electric aircraft propulsion improves the performance of vehicles by either increasing the effective turbofan by-pass
ratio, reducing drag with boundary layer acceleration, or increasing lift with improved wing circulation patterns. All
of these benefits require electric motors to move air in strategic ways. But to achieve a net aircraft benefit it is also
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crucial for the added motors to be highly efficient and light-weight. For many years, it was assumed superconducting
technologies would be required to achieve the necessary efficiency and mass goals. The challenge has always been
two-fold: 1). how to achieve cryogenic temperatures inside the motor; and 2). how to use alternating current in a
superconductor. The HEMM provides a compromise solution between a fully superconducting machine and a fully
ambient machine.

Ambient machines achieve high specific power by increasing speed until structural, thermal, or dynamic stability
limits are reached while keeping the efficiency reasonable through careful selection of materials, magnetic field
orientation and frequency in the back-iron and/or use of air-core designs, effectively trading torque current density for
speed. Permanent magnet rotor machines dominate in this category. Examples of this approach include the University
of Illinois high speed permanent magnet machine!2. These approaches work well for achieving machines in the 95-
97% efficiency range with a specific power below10 kw/kg (including full mass accounting of active magnetics and
support structures). Indeed, this class of machine is enabling the first generation of electric aircraft and does not have
any of the challenges associated with incorporating cryogenic liquids or coolers on aircraft.

Fully superconducting machines in which both the rotor and the stator incorporate superconducting coils offer the
highest potential efficiency and specific power machine if the cooling system mass is managed and the
superconducting alternating current losses are minimized. Utilizing cryogenic fuels is a natural option for providing
on-board cooling but have the drawback of requiring more volume per unit energy than jet fuel and only liquid
hydrogen is currently cool enough for AC loss mitigation using MgB: superconductors. The cost of producing and
supporting LH> at airports and in aircraft and the additional aircraft drag from the required larger airframes are some
considerations to address before this approach can be competitive.

A compromise between ambient and fully superconducting machines is partially superconducting on the rotor DC
wound field coil only. This allows for maximizing the air gap magnetic field using a direct current field on the rotor
while operating the stator at ambient temperatures with AC current. This approach has been investigated in the past
using three common approaches?. First, cooling the rotor with a cryogenic fluid that is delivered through a rotating
seal. Second, cooling the rotor with an embedded Brayton cycle. Third, cooling the rotor with an embedded Stirling
pulse-tube cycle. All these approaches have been met with mixed success due to integration and efficiency challenges.
The Stirling pulse-tube approach worked well up to speeds of 1400 RPM before vibration became an issue and the
large diameter of the system precluded direct installation into the rotor shaft.

The HEMM improves upon the previous Stirling pulse-tube approach by co-optimizing the linear machine and pulse-
tube cooler so they fit inside a 200mm hollow rotor shaft®#. The benefit of this approach is it enables machine
compactness and high thermal isolation of the rotor. The compactness was achieved by optimizing a Redlich style
linear machine with a co-axial pulse-tube cooler into a slender device that can lift 50W at 50K from the rotor and
reject both the linear machine, compressor, and cryogenic heat load to ambient.

The remaining balance of this paper will detail the rotating cryocooler design parameters for a 1.4 MW electric
machine. And finally, some discussion about the motor scalability and range of superconducting temperatures that
could be achieved with this design approach will be provided.

I11. HEMM Interface Requirements.

Typically, machines have to trade specific power and efficiency; however, both are crucial for a successful design®®.
The HEMM has the potential to achieve high specific power and efficiency goals simultaneously because it utilizes
superconducting wires in the rotor, which provide a much higher air gap field capability than either permanent
magnets, normal wound field conductors, or an induction rotor configuration. Employing superconducting coils
provides a dramatic improvement in magnetic field generated because the direct current resistance is zero in the
superconductor at the correct operating conditions. However, superconducting machine applications have been limited
because superconductors require cryogenic temperatures to operate, which typically require a separate cryogenic fluid
cooling system, adding mass, volume, and complexity to the overall system.
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Figure 1. High Efficiency Megawatt Motor (HEMM) Cross-Section

The HEMM incorporates a cryocooler in the rotor of the machine as shown in Fig. 1, and connects the cold tip of the
cryocooler to the superconducting coils conductively, thereby eliminating the need for any external cryogenic
equipment or any cryogenic fluids. The machine’s internal cryocooler has been designed to lift 50W of heat from a
50K cold tip and reject to a 300K ambient environment. This cryocooler is also intended to be light weight (<10kg),
small diameter (<100mm), and capable of withstanding 6800RPM rotation about its central axis such that it can be

integrated into the shaft of the HEMM. Incorporation of the cryocooler

and its related subcomponents within the motor will enable the HEMM Table 1. Cryocooler Heat Loads

to interface with the aircraft in the same way as any standard electric
machine, avoiding the additional mass, volume, and infrastructure which
would be required with a traditional superconducting machine.

A summary of the loss estimation at rated operating conditions is shown
in Table 1. Electromagnetic losses were calculated using a combination
of acommercial motor sizing code and spreadsheet calculations for stator
winding proximity losses. The proximity losses in this machine are
significant, because the stator winding is directly exposed to a significant
AC magnetic field imposed by the rotor field. As a result, Litz wire is
required to minimize these losses, at the expense of copper packing factor
in the stator.

Other losses were calculated using a combination of in-house codes for
cryocooler power estimation, and spreadsheet calculations for proximity
and bearing losses. Additional losses were calculated separately to
account for the total loss in the machine. The estimated total losses are
13.5kW, comprised of 9.3kW electromagnetic loss, 1kW due to bearing
drag, 2.5kW to power the cryocooler, and 1kW due to seal drag. A 20%

Component Loss (kW)
Electromagnetic Losses 9.3
Stator Core 3.9
Stator winding (I1"2R) 4.6
Stator winding proximity 0.8
Rotor core 0.009
Rotor coils 0

Other Losses 4
Cryocooler Power 2
Bearings 1
Vacuum Seals 1

Total Losses 135

Total Losses(+20% margin)  16.2

loss estimate margin is added to account for design and analysis uncertainties, resulting in a total loss with margin of
16.2kW. Also, by increasing the number of phases of the stator windings, the amount of magnetomotive force
harmonics produced in the rotor is limited, which thereby limits the amount of heat loss in the rotor. And other features



such as rotating in a vacuum, low emissivity coatings, and thin torque conduction paths minimize the total heat the
cryocooler must lift.

In particular, note that the direct (rotor core and coil) and induced parasitic losses (stator radiation, windage loss
thermal convection, penetration heat leakage conduction) on the rotor must be kept below 50W for the cryocooler to
maintain a 50K cold finger temperature. The temperature at the rotor Rare-Earth barium copper oxide (REBCO)
superconducting windings must be kept below 63K. If the amount of heat loss in the rotor is less than the amount that
can be lifted by the cryocooler then the cryocooler will be able to operate to sufficiently cool the rotor windings to
cryogenic superconducting temperatures.

IV. Cryocooler Trades

A number of different cryocooler configurations were considered for this application. Note that the cryocooler design
as shown in Fig. 2 consists of the following components: a linear machine to convert electric power into mechanical
force; a piston that converts the mechanical force into an oscillating pressure wave; and a thermo-acoustic circuit to
convert the acoustic pressure wave into a no moving part cryogenic heat pump. The last section shown is an example
thermal bridge that conductively cools the rotor.

Extended  Acoustic Pulse- Oscillating Linear
Cold-Finger Tube Cooler Piston Machine
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Figure 2. Cryocooler Segments

As summarized in Fig. 3, there are a wide variety of choices for the cryocooler components that were considered but
the Redlich style linear machine with flexure bearings and a no moving part single-stage pulse-tube cryocooler was
selected. The primary reasons for this selection include:

o  Overall design is axisymmetric for dynamic stability under rotation

Redlich style permanent magnet linear machine increases force with axial length increases (high aspect
ratio)

No cold moving parts or bearings

Single tight-clearance seal that can be supported with many radially stiff flexure bearings

Fits within 200mm diameter torque tube

Can be designed to lift 50W at 50K with reasonable efficiency and size

Thermal rejection can be located outside the vacuum enclosed rotor area

It should be noted that this cryocooler configuration can support up to 40K temperature at the cold-finger. If lower
temperatures are required, a multi-stage pulse-tube cooler would be utilized.
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Figure 3. Thermo-Acoustic Heat Pumping Options Considered

A. Linear Machine

The linear machine converts electric AC power input into mechanical oscillating power that drives a tight clearance
piston to create high intensity acoustic waves to power the pulse-tube cooler. A wide range of linear machines was
considered for this purpose including the STAR configuration, moving iron configuration, and moving coil



configuration. The STAR’ configuration was attractive because of the inherent magnetic spring stiffness but the radial
flux path resulted in a short and wide system that cannot fit within the narrow dimensions of the rotating shaft. The
moving iron configuration would result in a heavier system that reduces machine specific power. The moving coil
configuration was not considered due to the oscillating and rotating forces that would be imposed on it.

Instead, a Redlich linear machine® configuration was selected as shown in Fig. 4 and optimized for both efficiency,
dimensional compatibility, and impedance matched to the cryocooler. Until recently, linear machines were optimized
and built separately from the pulse-tube cooler because of analytical limitations of combining electromagnetic physics
with thermo-acoustic physics. Separate optimizations would result in impedance matching challenges that require
iterative re-optimization of both systems before a compatible system could be found. That approach is problematic
when trying to embed an entire cryocooler inside a relatively small diameter shaft because the number of design
constraints is very large and disconnected. Instead, a combined approach of simultaneously optimizing all the
electromagnetic and thermo-acoustic related physical dimensions allows for a gradient based optimized system
solution that meets all the constraints. And fortunately, we were able to identify a unique configuration that could
meet all the machine integration requirements including fitting in a relatively small diameter shaft. The result is a
narrow and somewhat long linear machine that can provide about 1800W of acoustic power for the co-axial pulse
cooler.

Piston % Flexures

‘ Linear Motor

Flexures
Figure 4 — Linear actuator portion of cryocooler, including flexures

1. Electromagnetic Design

The primary challenge of fitting a linear machine in a high aspect ratio space is the magnetic flux gets concentrated in
the iron as the power increases or diameter decreases. And once the soft magnetic iron saturates the electric to
mechanical power conversion response begins to flatten. It turns out portions of the cycle can magnetically saturate
the iron because other forces such as spring flexure and pressure dominate at the extremes of motion. As shown in
Fig. 5, the magnetic force is at a minimum when the piston is fully extended (flexure force dominates), and the
magnetic force peaks when the piston is at mid-stroke. In the mid-stroke position nearly all the force is due to magnetic
field.
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Fig. 5. Mechanical and Electrical Phase Relationships

And shown in Fig. 6 are the forces during a complete cycle acting on the moving permanent magnet. Note that despite
the middle section of the magnet not being located near the poles, it is a significant contributor to the overall force
acting on the piston.
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This means we can lengthen the linear machine to achieve higher overall power delivery even when the soft iron starts
to saturate. Notice also at the end-strokes that the top and bottom magnetic forces cancel and the middle of the magnet
has no magnetic forces acting on it. We can also increase the frequency of the machine to further increase power
delivery without increasing soft magnetic iron in a small diameter shaft:

E,=C 1 1)
P=EV, =VI @
And after combining equations (1) and (2) we find:
VG =V @)
V,=A.2mf (@)

So by increasing frequency, we can increase power without increasing current. This way, while the soft magnetics
may saturate during a portion of the cycle, the higher frequency keeps the saturation at the same level while delivering
more power per cycle. These results imply that the linear machine’s delivered power can be increased by increasing
frequency and magnet length while maintaining a small overall diameter. In addition, if the amplitude of oscillation
could be increased, this would also increase the specific power; however the small diameter limits the allowed
deflection of the flexure bearings. While increasing the frequency is desirable electromagnetically, the strength of the
flexures must be increased to support the higher axial forces and the pulse-tube cooler prefers to operate at lower
frequencies due to thermal transfer rate limits. These constraints are explained further below and result in a system
that optimizes around 60 Hz.

B. Mechanical Design

Within the cryocooler is an oscillating piston that drives acoustic waves at approximately 60 Hz. This piston is driven
by a linear motor, and the piston shaft is held by a series of flexures (see Figure 4) that provide a prescribed axial
stiffness and moving mass. The flexure design is challenging, because the oscillating amplitude of 13mm is relatively
large compared to the outer diameter of 200 mm, in fact the larger the amplitude the better the cryocooler is expected
to perform. In addition, the cryocooler needs to function both at rest and at 6800 RPM.

1. Flexure Bearings

A flexure design with spiral arms was created in order to give a particular stiffness value at the maximum axial
displacement, and a particular moving mass. The original flexure design had arms that deflected too far radially during
the 6800 RPM rotation, so that adjacent arms would be in contact. A new design was created without this problem,
and with a material thickness of 0.8 mm (0.0315 inches). A total of 64 flexures are required to give the axial stiffness
required. The 64 flexures are positioned as 4 sets of 16 flexures, with 2 sets on either side of the linear motor as shown
in Figure 4. Each group of 2 sets has flexures that are oriented in opposite directions. Between the flexures are spacers
on the outer diameter, and bushings on the inner diameter, so that adjacent flexures will not be in contact during
motion. One of the benefits of using a relatively large number of flexures is each flexure can be deflected further
since it experiences less stress and the high number of flexures significantly increases the radial stiffness on the shaft.
These two features are key to maximizing the motor PV mechanical power input to the cooler while under rotation in
a narrow shaft.

Figure 7 shows a model of the flexure with its associated spacer and bushing. Table 2 gives the basic properties of
the flexure’s spirals.

A high-fatigue-strength 420 stainless steel material was chosen for the flexures. The flexure slots are cut with a water
knife, and then the flexures are tumbled and shot-peened to introduce compressive stresses into the material surface.
Table 3 shows the material properties prior to shot-peening.



Table 2. Flexure Properties

Property Value
Number of arms 3
Outer diameter 100 mm
Number of revolutions in a spiral arm 1.3
Spiral inner diameter (without stress relief) 20 mm
Spiral outer diameter (without stress relief) 85 mm
Spiral pitch 25 mm
Arm width 6.98 mm
Slot width 1.0 mm

Note that the inner portion of the flexure in Fig. 7 has a straight region to prevent rotation of the shaft that is separate
from the flexure. And axially adjacent flexures are installed on the shaft with opposite orientations to not favor a
particular rotational mode. Spacers are used between each flexure to insure the arms do not collide during oscillation.

Figure 7 — Flexure geometry

Table 3. Material Properties

Property Value
Tensile Strength (MPa) 1900
0.2% Yield Strength (MPa) 1500
Fatlgug Strength (MPa) +750
5% Failure Rate
Young’s Modulus (GPa) 210
Density (kg/m?) 7700

Both finite element analysis (FEA) and flexure specimen testing were used to determine the axial stiffness and moving
mass of the flexure design, and results are shown in Table 4. These test results for stiffness and moving mass values
are acceptable for the cryocooler design.



Table 4. Single flexure stiffness and moving mass

Propert 0 RPM 0 RPM 6800 RPM
perty Test (n=3 samples) FEA prediction FEA prediction
Stiffness (N/m) 2642 2601 2937
at 13 mm displacement
Moving mass (Q) 17.0 16.3 16.5

Since the axial displacement is quite large, a stress analysis needed to be done to determine the maximum mean and
alternating stress in the flexure during operation. Figure 8 shows results for the von Mises stress and deformation for
the flexure at 6800 RPM and 13 mm axial displacement. There are high stress areas at each end of the flexure arms,
with the maximum of 497 MPa near the inner diameter. This maximum occurs on the face of the flexure.

(a) Von Mises stress (b) Deformation (13 mm axial)
Figure 8 — Results for 6800 RPM and 13 mm axial displacement

Figure 9 shows the modified Goodman line for the flexure at 13 mm displacement, and at 0 RPM and 6800 RPM.
The line assumes a 1.33 factor of safety on fatigue strength, 1.1 factor of safety on yield strength, and 1.5 factor of
safety on ultimate tensile strength. The strengths are for the material prior to shot-peening. The margin shown is
29.3% at 0 RPM and 11.2% at 6800 RPM.
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V. Pulse-tube Cooler

The linear machine oscillates a piston in a helium working fluid with non-contacting clearance seals to drive a pulse-
tube cooler. Traditionally, a Stirling displacer-type cooler would be used due to having high efficiency; however in
this rotating system the additional side-loads on the displacer introduce more risk that the displacer would rub when
simultaneously oscillating and rotating at cryogenic temperatures. Instead, an acoustic Stirling configuration is used
that leverages inertial properties of the working fluid to achieve the proper pressure and volume velocity phasing in
the regenerator.

A. Acoustic Circuit Design

As shown in Fig. 10, the selected cooler design is based on acoustic pulse-tube technology. Note the oscillating piston
creates a traveling acoustic wave that initially travels around the inner pulse tube through the regenerator where with
proper pressure and volume velocity phasing is enforced and forms an acoustic heat pump that lifts heat from the left-
side copper heat exchanger at 50K to the right side copper heat exchanger at 353K. The remaining acoustic energy
then travels through the pulse-tube which acts like a Stirling displacer and the remaining energy then travels down the
inertance tube that surrounds the piston (in the piston bore) which then terminates in the reservoir as highlighted in
Fig. 11. Note that this coaxial configuration enables the entire cryocooler to be installed inside the rotating torque
tube of the machine. All of the cold regions are inside the thermally isolated vacuum region while all the rejecting
ambient regions are outside the rotor vacuum region. The only tight clearance is the single moving piston that is
supported with 64 flexure springs as shown to the right in Fig. 10.

Previous analysis has confirmed that rotating a pulse-tube cooler horizontally should not impact the performance of
the system?. But even so, the pulse-tube aspect ratio would ideally be higher to minimize streaming effects and
radiation losses. Extending the length also comes with a performance cost so the current length is a balance between
these various potential losses.

The other challenge associated with this rotating cryocooler is the potential for regenerator blow-by due to the
centrifugal forces. Initially a random fiber regenerator with 77% porosity and 12 micron diameter fiber will be
employed that is tightly packed to prevent blow-by under rotation.

=
Nl

Fig. 10 Acoustic Pulse-tube Cryogenic Cooler Flow Path
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Fig. 11 Highlighted region is the acoustic reservoir at the end of the inertance tube

V1. Control and Operation

As discussed in Section 4B, the cryocooler must operate when the electric machine is rotating and stationary, but this
changes the mechanical stiffness of the flexure bearings which in turn changes the resonant frequency of the
mechanical system. There are two ways to manage this:
1. Change the operating frequency by approximately 6 Hz to maintain the same operating characteristics.
2. Change the reactive power in the coils while maintaining a fixed oscillation frequency, in effect having the
power supply provide additional spring force magnetically. The operating parameters of this approach are
shown in Table 5.

Table 5. Stationary and Rotational Operating Parameters

Property 0 RPM 6800 RPM
Piston Oscillation Freq (Hz) 56 56
Heat Lifted at 50K (W) 51 51
Electric Power In (W) 1860 1774
Effective Flexure Stiffness (N/m) 1.57e5 1.78e5
Reactive Power In (W) 2531 3121
Voltage (V) 154 176
Current (A) 204 20.4
Power Factor 0.59 0.49
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Note that the reactive power required is higher under rotation, but the real power input is minimized. The overall
current is kept the same, but the phase difference between the voltage and the current differs under rotation.

A. Cooling Rates

As shown in Fig. 12, the amount of heat the cryocooler can lift under full power input varies as the cold-finger
temperature changes. This is important because in a practical machine on aircraft we need to minimize the preparation
time between flights. The rotor superconductor cannot be operated until cryogenic temperatures are reached. But the
thermal mass of the system can be significant. Once the system steady cryogenic temperatures are reached, then the
cryocooler only has a modest 50W at 50K to lift.
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Figure 12. Typical Heat Lift and Rejection Curve vs. Time and Temp

Note that the electric input power stays constant (1800W), but since the heat lifted increases with temperature, then
so does the heat rejected. At ambient temperatures, approximately 5500W is being reject (4000W lifted), below 173K
the amount of heat lifted begins to drop significantly.

B. Performance Validation

The cryocooler will need to operate under a range of conditions including stationary and rotating up to 6800 RPM,
and typically under full power conditions since cooling at the fastest rate possible is desirable. To ensure that the
flexures will survive, they will be tested in the linear motor subassembly at the +13 mm oscillation amplitude for
approximately 107 cycles, first at 0 RPM, and then at 6800 RPM as shown in Fig. 13. Moreover, this test rig will
confirm the piston does not rub and that the proper cryogenic temperature of 50K is achieved in the thermally isolated
cold-finger while lifting 50W of thermal heat.

13



Figure 13. Cryocooler flexure qualification and vacuum isolated cold-finger heat pump test

The yellow structure shown in Fig. 13 rotates with the cryocooler and while transferring machine torque to the right.
Power is delivered to the cryocooler via slip rings initially for this test, and a brushless rotary transformer is planned
to be used in a later version.

VII. Summary

If the rotating cryocooler described herein is successful it will greatly simplify the implementation of partial
superconducting coils on the wound field rotor. Industry standard design tools that have previously been extensively
validated have confirmed this machine should work well and it is expected to achieve over 16 kw/kg active magnetic
circuit mass and over 98% efficiency when rotating at 6800 RPM and generating 1.4MW of electric power. A
cryocooler risk reduction prototype is currently being constructed and will soon be tested under full speed rotation to
confirm its operation.

It is not obvious that the electrical, mechanical, thermal, dimensional, material, operational, and acoustical
requirements of this integrated machine can all be met to form a practical partially superconducting 1.4 MW machine.
But after extensive analysis it appears we have a machine design that should work well. More details of this integration
accomplishment can be found in references by Jansen, Woodworth, and Scheidler®!? and the next step is to build and
fully test the prototype.
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