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NASA’s High Efficiency Megawatt Motor (HEMM) is being developed to achieve the
performance needed by single aisle class electrified aircraft. It is a 1.4 MW electric machine
designed as a generator for NASA’s STARC-ABL concept vehicle. It has performance
objectives of greater than 16 kW/kg electromagnetic specific power and efficiency of greater
than 98%. The key enabling technology for HEMM’s high performance metrics is a
superconducting rotor cooled by an integrated cryocooler. HEMM’s integrated cryocooler is
being designed to only lift 50 W of heat at its target 50 K cold tip operating temperature.
HEMM’s superconducting rotor therefore needs to have essentially zero electromagnetic
losses in order to stay below the 50 W heat rejection limit of the cryocooler. This paper
presents the combined analysis of HEMM and a preliminarily designed HEMM converter to
analyze the rotor loss impact of several potential converter filter topologies. The analysis
results point to interleaving and series inductance filters not being sufficient to suppress
switching harmonic caused rotor loss. Paths forward to develop a converter to eliminate rotor
loss are discussed.

I. Nomenclature

A = area t = time

B = magnetic flux density T = time period of magnetic flux repetition

d = wire diameter w = tangential width of a component

In = current through coil n \Y = volume

I = axial length of component Vh = voltage on winding n

L = overall length a = Steinmetz frequency coefficient

Lmn = coupling inductance between coils m B = Steinmetz flux density coefficient
and n y = Steinmetz coefficient

L = inductance matrix Y1 = modified Steinmetz coefficient

M = mass 0 = rotor angle

P = power loss p = resistivity

Rn = resistance of coil n

I1. Introduction

Advances in megawatt class electric motor power density and efficiency are required to enable electric aircraft for
single aisle class civil transportation vehicles. NASA’s High Efficiency Megawatt Motor (HEMM) is a 1.4 MW
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slotless partially superconducting machine being developed at NASA Glenn Research Center to meet the performance
requirements of single aisle class passenger transport electric aircraft. The current version of HEMM is designed to
meet the requirements of the two generators on NASA’s STARC-ABL concept aircraft [1] [2]. Specifically, the targets
are electromagnetic specific power greater than 16 kW/kg and efficiency greater than 98%. The benefits of HEMM in
an integrated system are presented in [3].

The development of HEMM has been discussed in a number of publications to date [1] [2] [3] [4] [5] [6] [7] [8]
[9] [10] [11] [22] [13]. The key enabling technology for HEMM’s high performance metrics is a wound field
superconducting rotor that is cooled by a cryocooler integrated into HEMM’s shaft. HEMM’s cryocooler is only
designed to lift 50 watts of heat at its 50 K nominal cold tip operating temperature. Therefore, for HEMM to work
properly and achieve its targeted performance metrics, the rotor must have essentially zero electromagnetic losses. At
the machine level with perfectly sinusoidal current waveforms, this low loss level is achieved through the use of a
slotless 9 phase stator. The development of the slotless stator design and analysis of the rotor losses with perfect
sinusoidal current waveforms was presented in [11].

In this paper, preliminary analysis of HEMM supplied by real converter waveforms is presented. The results of this
analysis points toward needed technology advancement to close the combined HEMM and HEMM converter system.
Section I11 of this paper discusses the preliminary HEMM converter design. Section IV presents the power electronics
simulation and resulting waveforms. Section V presents rotor loss analysis methodology. Section VI discusses the
results of the analysis and the forward path to close the HEMM system design.

I11. HEMM Converter Preliminary Concept Design

The design goal of the HEMM converter is to make component and topology choices which enable the
achievement of three key performance parameters: high efficiency (99.5%), high power density (20 kW/kg), and low
harmonic distortion to limit HEMM rotor loss. These three parameters are typically in conflict with one another when
trading converter designs, and therefore topology decisions must carefully achieve balance between them. The
preliminary design of the HEMM converter is a scaled up version of the 250 kW converter presented in [14]. In that
converter design, low harmonic distortion and high performance are achieved through two key topology choices:
multilevel switching and interleaving filters.

The multilevel switching architecture both lowers the current waveform distortion and enables the use of high
efficiency and readily available off-the-shelf Silicon Carbide MOSFETSs in a higher voltage system than the switches
are rated to. The very low switching losses and low conduction losses of the Silicon Carbide MOSFETS enables the
high efficiency target.

The interleaving filters enable equal current sharing among parallel FETs and provides significant current
waveform distortion reduction. These filters are designed with high inductance to minimize circulating current in the
converter and the associated losses. Correspondingly substantial weight allocation is afforded to the interleave output
filters. Custom magnetic material developed by the NASA Glenn advanced magnetic materials group is used to
minimize the mass and loss impact of these filters.

Another vital aspect of the converter’s design is its controller. For instance, the HEMM is very susceptible to
spatial harmonics due to the machine’s low inductance. Because of this, small perturbations in the machine’s back-
emf can lead to large amplitude current harmonics. In particular the 39, 5™, and 7" harmonics need to be suppressed
in order to avoid the associated rotor loss. A harmonic controller is incorporated to accomplish this harmonic
suppression, which augments the classic vector control.

The following section discuss the development of a model of the HEMM converter preliminary controller design.

IV. Converter-Motor Model (Simulink)

A. Converter Model

A transient electrical simulation is required to generate a stator current waveform of sufficient fidelity to be used
in rotor loss calculations. A Simulink implementation of the integrated converter, controller, and motor system is
shown in Fig. 1. The converter model generates a 9-phase voltage signal with any selected number of interleaves and
switch levels. The HEMM motor model incorporates the FEA generated back-emf harmonics and inductance matrix
from Appendix A. The output of the simulation is the stator current waveform, which contains the spatial and temporal
harmonics relevant to the rotor loss study.
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Fig. 1 Top-level block diagram of the HEMM Simulink simulation.

To implement the harmonic controller, the 9 phase Park and Clark transformations were adapted to generate d and
q axis current components in these harmonic reference frames, in addition to the typical d and g components at the
fundamental rotor reference frame. An example of this adapted Park transform is shown in Eq. 1. These additional d
and g components are regulated to zero using additional PI controllers.
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The simulation is also simulates converter-generated temporal harmonics. The characteristics of this noise are
determined by the topology of the converter, particularly the number of switching levels and interleave filters used.
Both of these converter technologies help to decrease the amplitude of the temporal harmonics by decreasing the
voltage step size and pushing the frequency content up to higher ranges. An example of a phase terminal voltage
waveform produced by the simulated converter is shown in Fig. 2.
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Fig. 2 Terminal voltage produced by HEMM converter (12 interleaves, 3 level).

B. Results

Simulation results showing stator current waveforms and the influence of the harmonic controller are shown in
Fig. 3 and Fig. 4. Fig. 3 shows the elimination of the low-frequency content in the stator current, leaving only the
remaining temporal harmonics. Fig. 4 shows the relevant d and g axis current plots in a transient simulation running
the motor up to full speed, and the ability of the harmonic controller to regulate those components in steady state.
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Fig. 3 Stator current (a) with and (b) without the harmonic controller.
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Fig. 4 Relevant Id and Iqg currents converging due to harmonic controller. Initial error before t=3.5s due to
speed ramping towards setpoint.

Fig. 5 shows the time and frequency domain representations of the stator current waveform. The action of the
interleaving is apparent in the frequency domain in that the center of the fundamental temporal noise occurs at a

frequency which is a multiple of the converter switching frequency, which allows the motor’s inductance to more
effectively filter the noise.
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Fig. 5 Stator current with switching noise in (a) time and (b) frequency. Fundamental omitted in frequency
domain. Switching frequency 59.84kHz, fundamental frequency 680Hz, 4 interleaves.



V. Rotor Loss Model

To evaluate rotor loss, transient electromagnetic finite element analysis of a 2D cross section of the motor spanning
one rotor pole pair was used. Stator current wave forms were taken from the converter model. The rotor components
were modeled as conductive bodies. All rotor bodies were modeled as completely electrically isolated from one
another with a small artificial gap between components. The rotor coils were modeled as solid blocks of copper and
the titanium rotor structural components were modeled as a single domain. Since the rotor coils fully saturate the rotor
iron, the only rotor iron loss calculated were the eddy currents. Modeling the rotor components as fully isolated from
one another is optimistic but made convergence of the model more reliable for the number of current waveforms run
through the loss model.

The simulation was first solved statically to create an initial condition and then a short transient simulation was
run to capture the effect of the stator harmonics on the rotor losses. The transient analysis was run for only 5E-5 s and
results were output with a 1E-7 s resolution. A graphic showing the FEA model at a snapshot in time is shown in Fig.
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Fig. 6 FEA model. Example field distribution right and example eddy current response in the rotor
components left.

In Fig. 6, rotor eddy currents are shown to be concentrated at the outer radial edge of the rotor titanium and iron
components. This concentration at the edge corresponds to the skin depth of the high frequency stator current
waveform harmonics. Losses in the rotor model were evaluated in rotor titanium and iron components at all time steps.
Fig. 7 shows how the loss varies over the simulation time.
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Fig. 7 Example loss profiles for the titanium and iron components over the simulation.

In Fig. 7 the losses are shown to start with a significant transient which decays with simulation time. This transient
decay of the loss is a modeling artifact due to the static simulation used to create the initial condition for the transient
simulation which has no eddy currents or electrical field in the rotor. Rotor loss values reported in Section VI are
reported as the average of the last 25 time steps of the simulations. There is a great deal of uncertainty in the values
reported as the simulation is attempting to calculate losses on the order of 10’s of watts in a 1.4 megawatt machine.
The results are however sufficient to show that there is rotor loss caused by the inverter harmonics and provide some
relative performance information for various converter filter options.

VI. HEMM and Converter Results

Because of the effectiveness of the harmonic controller implemented in the preliminary HEMM converter design,
only the temporal harmonics in the converter waveform are large enough to produce rotor eddy current loss. The
preliminary concept design for the HEMM targeted low rotor loss through the minimization of total harmonic
distortion (THD) created by these temporal harmonics in the converter current waveform. Initial rotor loss simulations
found that THD and rotor loss did not always correlate. A more accurate analytical method of predicting the
effectiveness of different filtering configurations on rotor loss was found to be a method based on the Steinmetz
classical eddy current relationship:

P = kf?B?,
where P is the rotor loss, k is a constant depending on the shape and conductivity of the material, f is frequency, and
B is the peak of the time varying magnetic flux density that penetrates the magnetic component.

The sum of the Stienmetz equation over all harmonics in a converter waveform was used to estimate the effect of
various filtering techniques on rotor loss. The calculated effectiveness of different filtering techniques using this
Stienmetz based approach are shown in Fig. 8. Because of the inaccuracy in the proportionality constant (k) used in
this estimate only relative comparisons are made to establish trends. Fig. 8 (a)-(c) show that all the techniques
implemented in the preliminary HEMM converter design to reduce THD (interleaving, multilevel, and series
inductance) are effective, but suffer from diminishing returns in effectiveness. Fig. 8 (d) shows increasing switching
frequency as a filtering technique to be ineffective due to the increased coupling at higher frequencies balancing out
the decreased magnetic flux magnitude from increasing stator impedance.
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Fig. 8 Estimated rotor loss as a function of (a) number of interleaves, (b) number of voltage levels, (c)
inductance in series with motor phases, and (d) switching frequency. Each plot normalized to left-most point.

These trends are confirmed by the FEA model calculated rotor loss for several different configurations of
interleaving and additional series inductance, as shown in Fig. 9 and Fig. 10. The results confirm the trend of
diminishing returns in the effectiveness of both interleaving and additional series inductance as techniques to reduce
rotor loss. The results also point to none of these original techniques implemented in the HEMM converter concept
design to reduce rotor loss being a viable path to close the design within the target mass of the HEMM converter.
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Fig. 10 FEA calculated losses in rotor titanium components from different converter filtering techniques.

These results indicate that a filtering technique focused on preventing the generation of high frequency current
may not be practical. A technique to divert high frequency content away from the stator, such as a high frequency
resonant converter combined with a lightweight LCL output filter, may be a practical solution for achieving
sufficiently low rotor loss. This technique will be further investigated.



V1. Conclusion

In this paper, combined analysis of HEMM and the preliminary design of the HEMM converter was presented to
assess the system’s potential to achieve the low rotor loss requirement of the HEMM motor. The results show that the
technologies implemented in the preliminary converter design do not sufficiently reduce inverter current waveform
harmonics to meet the low rotor loss target. These initial technologies were selected with the goal of minimizing the
THD of the inverter waveform. The analysis presented here however points to a metric based on a Stienmetz classical
eddy current formulation being a better option for ranking different converter technologies impact on rotor loss. Going
forward a resonant converter topology will be explored as a possible path to close the HEMM system within the high
performance targets of the system. Future work will also target evaluating whether using a rotor eddy current shield
in partially superconducting machines leads to a more optimum overall system.

VIII. Appendix

A. Motor Equivalent Circuit Model

In order to enable combined analysis of the HEMM motor and converter, an equivalent circuit model of the HEMM
motor had to be developed. Due to HEMM being a 9 phase machine the development of this equivalent circuit model
is not straight forward. The following sections discuss how the model was developed and key parameters were
estimated.

1. Modeling approach

At a fixed position, the motor is effectively a multi-port transformer with saturated iron. Voltage, current,
resistance, and inductance are described by matrix equation

Vil [Rx 0 - 0] [h] [Lun Liz - Lo I
V2 0 R2 oo 0 i 12 + L21 L22 A L29 da 12
0 - Ry Iy Loy

T N T )
Vo 0 Loy = Logg Iy

The resistances in Eq. 2 can easily be calculated through analytical equations, but to calculate the inductances
currents have to be carefully applied in an FEA simulation of the machine. The 2D FEA model of HEMM used to
complete this calculation is shown in Fig. 11. The symmetry of the 12 pole machine is used to reduce model size by
only model one sixth of the machine cross section. Additionally, each slot is modeled as a single turn for simplicity
even though current planned construction of the HEMM stator consists of 2 turns per slot.
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Fig. 11  2d FEA screenshot. As shown, the rotor angle is defined as zero. The stator windings with green
and red boxes are defined as phase one with positive current into and out of the page, respectively.

The first step in calculating the inductance is to calculate the resistance of the windings in the FEA simulation so
the resistive portion of the voltage can be removed from the voltage results in subsequent simulations. To do this full



current is applied to the first stator coil and zero current to all other coils in a stationary FEA simulation. In this
simulation, the time derivative of current is zero so the first row of Eq. 2 can be extracted through the equation

R, =4 ®)

I1

The resistance calculated with this approach only includes the active portion of the motor. The end-windings and the
effect of the litz wire twist and fill percentage is not captured. Correspondingly this resistance value is only useful for
calculating the inductance of the machine from FEA.

To complete extraction of the inductance values, a current ramp is applied to one stator winding and zero current
is applied to all other windings in a transient simulation. By observing the induced voltages on each winding, the
values of the first row of the inductance matrix in Eq. 2 are calculated using the following equations:

Vi=R + LIIE

dl
Ly = (V1 - Rlll)/d_tl (4)
V= LnlE
Ly =gm = 23,..9. (5)

This current ramp simulation is repeated at various rotor angles to determine the inductance variation as a function of
rotor saliency. The following section presents the results of these simulations.

2. Inductance Calculation Results

Fig. 12 the inductances calculated using Eqgs. 4-5 with a transient current applied to coil 1 at a set rotor position.
After a startup transient, the inductances settle to consistent values, as expected. The results of simulations at other
rotor positions showed similar settling times. Negative inductance values shown in Fig. 12 indicate that the winding
direction in the actual motor is opposite of how it is modeled in the FEA simulation. As expected, the self-inductance
La: is larger than any of the coupling inductances and the coupling inductance between each pair of coils is related to
the physical distance between the coils. The values from these current transient simulations corresponding to only one
winding phase are enough to populate the inductance matrix for the machine as each subsequent phase has the same
inductances just offset based on the relative position of the other phases to it in the machine.
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Fig. 12  Simulated inductances over time in transient simulation for 6 = 0.

Because of the rotor’s salient poles, there is variation in inductance matrix as a function of rotor angular position.
However, because the superconducting coils of the rotor fully saturate the rotor poles during machine operations, the
variation in inductance with rotor position is small. Fig. 13 shows the inductances as a function of rotor angle. The
time average values used to populate the inductance matrix are given in Table 1.
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Fig. 13  Inductances as a function of rotor angle (8).

Table 1 Time average inductances

Coil pair Position average inductance [UH]
11 2.85
12 2.16
13 1.41
14 0.80
15 0.26
16 0.26
17 0.80
18 1.41
19 2.16

3. Machine Back EMF

With the resistance and inductance matrix define, the FEA model was then used to predict the back-EMF generated
on each coil at HEMM’s nominal operating speed of 6800 RPM. Fig. 14 shows the back EMF from this transient
simulation.
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Fig. 14  Phase-to-neutral back-EMF generated by each coil.
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