Magnetic Gearing Research at NASA

Vivake Asnani Justin Scheidler Thomas Tallerico
Research Engineer Research Engineer Research Engineer
NASA Glenn Research Center NASA Glenn Research Center NASA Glenn Research Center
Cleveland OH, USA Cleveland OH, USA Cleveland OH, USA

ABSTRACT

Magnetic gearing is an alternative to mechanical gearing, where torque is transferred through magnetic force as
opposed to contact forc€he technology has the potential to be used in aircraft applications, without the lubrication,

noise, and maintenance issues taatexist withmechanical gearing. Initial design and prototype development work

was done at NASA to creatd@undationalunderstanding of the technology and the factors that influence its specific

torque. The specific torque achieved through desigtimizationwas found to be less thahat of high-torque
mechanicalaircraft transmissionsbut may becomparableto thatof lower torquemechanical transmissiorfer

electrified vertical takeff and landingpircraft 7KH OHVVRQV OHDUQHG hol®gpdavgl6ihevtan@ LWLDO W
WKH GLUHFWLRQ RI ingi6lé §ire discWsé¢dJ H ZRUN

gains(Ref.9). Smaller aircrafts and smallpropulsorshave
INTRODUCTION reducel the powertraintorque requirement&xtrapolaton of

It was recognized over 100 years ago that magnetic forcé trends iraircraftgearing(Ref. 10) shows thamechanical
could be used to transmit torque in gears instead @garboxes will haveeducedspeqflc torqueat these lower
mechanical tooth contact (Reif). Gear toothcontact is the forque levels. As a resubagneticgearing is a more vige
driver of several issues associated with traditional mechanic@iernativein this market
gears in vertical takeoff and landifgyTOL) vehicles. The
most notable issues afdction-induced heatingwear, the Due to the aforementioned issues with mechanical gearing,
potentia| for tooth fa”ure, and higlnequency vibration most emerging electrified vertical takeoff and Ianding
excitation (Refs.2, 3, and 4). These issuesreate three (€VTOL) vehiclesmake use odlirect drivemotors,instead of
systemlevel consequences: 1) A lubrication system i§eared motorsThis limits theelectric motor speed to below
needed to reduce the tooth friction and remove the generaf@imum levels due to aerodynamic constraints on the speed
heat. Typically, a backup system is also required to me@k the propellerElectric motorscan be made significantly
certification requiremets for loss of lubrication performance lighter and/or more efficient if they are optimized to operate
(Ref. 5); 2) The level of cabin noise, which results from thét higher speed and lower torque (Reds.11, and 12).
gear tooth vibration, far exceeds that of alternative forms dfagnetic gearing could enable this optimization without the
transportation and necessitates the use of headsets if§ties associated with mechanical gearing, providing range
communication (Ref6); and 3) To ritigate tooth wear and and payload capaty to these vehicles
failure, VTOL aircraft are grounded periodicalljor
inspection and maintenand@agnetic gearing, with its use of The potential benefits for eVTOL and other aerospace
magnetic forces instead of tooth contdmts the potential to applications has letNASA to starta 2-1/2 year project to
eliminate all these issues. However, even with recerfievelopa core competency in magnet gearifigere are three
advancesin magnetic gear design and magnetic materiaghases to the projecthe first focuseson gaining a core
(Refs. 7 and8), the maximum torque to mass ratio (specifidinderstanding of the technology aimtreasing itsspecific
torque)does not appear to égh enough to beompetitive torque.The secondocuses on issues related to high speed
with mechanical gearboxes in traditional VTOL applicationsoperationof magnetic gearsThe third phaseddresses the

issue ofmotor and magnetic gear integration. Thepmse of
The emergence of pdho-point, originto-destination this paper is tadescribe the technology advancements and
aircraft has driven a new design space of VTOL vehicléessons learned through phase one ofptiegect as well as
propulsion architecturesMany vehicles make use of thoughts on the technology development needs for eVTOL
distributed electric propulsors for aerodynamic efficiencyPplications.
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magnets in each arrand the arD\fV FLUF X P I H U H\QlarEtudies Q J W K
and radial thickness

Parametric studieof the modulator were conductetd
identify design trends for maximizing the specific flux of the
fundamental and modulated harmacoduced by an array
and modulatorpair. Both the ringmodulator andsun
modulator pairs were studieBor each respective study, the
fundamental harmoniof the arraybeing simulatedwas
evaluated in themagnetic gap between the array and
modulator, whereas the modulated harmonic was evaluated
on the side of the modulattitat was furthest from the array
The modulated harmonic has the same spatial harmonic order
as thenumber of pole pairs in thgear thait would couple
with. Thus, thefundamentaland modulated harmorgare
related by the gear ratio in equation (3).

Studies were performed using a 2D FEA. The nonlinear
demagnetization model was again used for the magaads

a nonlineamagnetic flux density versus field strengBiKl)
curve was used to define the magnetic response of the
electrical steepole pieces. Mgnetic symmetry was again
taken advantage &b limit the simulated arc length to the arc
length of one sun gear pole pahrray polepairand magnet
countswere held constants stated in thélalbacharray
simulation sectionThe outer diameteof the ring and sun
Figure 10: Magnetic configuration of P2 arrays were again held at 139mm (5.5 in) and 114.3 mm

The results of the study showed ttiaspecific flux increases (4-9in). Parametric sweeps were performed on array
as (1) the radial thickness is reduced, (2) the circumferentfRickness, pole piece thickness, and pole piece span angles.

length of each polgair is reduced, and (3) the number of o ] o
magnets per pole pair increases. These tranglsonsistent 1 h€ only significant and conclusive trend found in this study
with the analytical equations developed bialbach for Was that smaller pole piece thickness produced larger
Halbach arrays (Refl5). The demagnetization model usedmnodulated specific flux. This trend is largely driven by

for the magnets had no effect on these trehdsause reduced pole piece mass, but small increastie magnitude
althoughdemagnetizatiooccurred in all shulations,it was of themodulatedlux harmonicsverealso observedThere is

limited to lacalized regions of the magnets. a limit to this trendin specificflux because thenodulation
effect is lost belova pole piecghicknesghreshold A further

Basedon the results of this study;rBagnet arrays and pole explanati(_)n of this mimumthickness will be provided i_n the
counts of 6 and 24 for the sun and ring geespectively next section. Conclusive trends on #féects ofpole piece

were used for all subsequent steps of the design proce¥an angleand arrayto-pole-piece thekness raticould not
Selection of6-magnet arraysvas based orthe simulation be determined with the data collected in this first iteration of

results andmanufacturing considerations. Magnet count&e overall design process.
greater than sixprovided only incrementabenefif but ] ]
increased the total number of magnets to assemble and i gear simulations

number of magnet types that needed toroelpcedThe mle  The fll gear parametric studiebad the objective of
counts were selected based on manufacturing and array 'er}gl%(imizing the specific torque of theJHDUJV PDJQHW
considerationsSmaller array lengths increase the Specm%omponents Mechanical component masses were not
flux of an array by reducing the distance, and thus magnetigcounted for in this first design process iteration. FEA&
reluctance, between neighboring poles. In practiceetised  modelfrom the modulatostudywas usedere, but wittboth
limit to this trend, because the reduction in array length Mugfraysand the modulator simulated togethas before, the
be accompanied by a reduction in the magnetic gap to ensgife pair and magnet counts werdcheonstantin addition,
that the flux crosses the gap to interact with the ot_her magn_qﬁféring geararrayf auter diametewas held constant at 139.7
components and produce torque. Hence, there is an optiigh, (5.5 in). Parametric sweeps were performed on magnetic
array length because there is a minimum achievable magnegig, thicknesses, magnet thicknesses, modulator thickness,
gap. The ideal pole pair counts for2TWere greater than the and pole piece inner and outer span angles. Thétseof the
number selected for RT. Even pole counts were selected Gtydyreveal somémportantmagneticgear design trends.
enable the use of symmetry for computation speed in the next
steps of theprocess. It was observed that the specific torque of the geamuch

more sensitive to thihickness of thenagnetic gap between
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the ring and modulator than i$ to the thickness of the magnetic gaps and the relative permeability of the steel used
magnett gap between thsun and modulator. Generally,to make the pole pieces.

reduced magnetic gaps increase the specific torquEbf@a

by reducing thanagneticreluctance of the magnetic circuit Mechanical design

that couples the three components (sun, modulator, and rirégg d on the results of the full ¢ simulation an initial
and increasing thmagnetiaeluctance of the leakage circuits. sed 0 € results of the Tull gear simuiation a a
magnetic configuration was selected as a basis fe2.FAnh

The ringto-modulatormagnetiagap has a larger effect éne increased stack length of 50.4 mm (2.0 in) was selected to

& 0 * | \Bpecific torque becauséhe ring gear is more h ibil | leak
susceptible to polo-pole flux leakage due to the shorter[f_?licﬁ_; € gears SUSCEpthI'Ity to axial leakage compare to
distance (and lower reluctance) between ities. -1. The pole count of the ring gear was reduced to from 24
to 23 in order to remove magnetic symmetry and reduce the
torque rippleof the gear (Ref.l6). Thin walls between
magnets were added to enable assembly of the sun and ring
gear arrays and torque transmission. The magnetic gap
between the sun gear and the modulator was increase by 30
Srcent to allow for the use of an off theeBcarbon fiber
oop for magnet containment. With these design changes
taken into account the modulator thickness, magnet thickness,

from thatarray results in more torquénitially, the increase and modulator span angles were updated ‘optenize the
in torque is shstantial and more than offsets the increase i ecific torque of the gear. Overall the specific torque of the

&0*fV PDVV (YHQWXDOO\ WKH LQFPHVFRSITPIENtS ¢35 173 dess Wk gf the initial

becomes minimal and the mass effect dominates, Ieadingn'gg‘gnet configuration.
reductions in the specific torque of the CMG

Increags inthe thickness of one of the magnet asriaythe
CMG always increasethe overall torque of the gear, but
decreased the torque per mass of that array. Tduespeting
trendscan be explained by a trend frahe array studiesvith
increases in thickness, an array produces more flux, but E
mass increases faster so thatspecific flux decaysln the
CMG, when an array{ Yhickness increaseshe extra flux

Due to the small size of the modulator a unique squirrel-cage
like structure was developed to contain the pole pieces. This
r%rtucture was enabled by the use of the same 3Cegdrifiber
rgsmforced, nylon material. It was designed in order to avoid
ltﬁ;éng hoops, which would have increased the magnetic gap,
to contain the pole pieces radially. However tabs had to be
Q/inner radius of the pole pieces to enable the
e pole pieces were redesigned to maximize the

It was found that for a given set of magnegjaps and

modulator design, there was always a set of optimum mag
thicknesses for the two arrays. This finding is the result of t
above trend related to magnet thickness and the mass of
modulator. WhileW KH & @or§ué per magnet masé a

given aray always decays with increasseL, Q WKDW (?fgl B’\Fﬂ
thickness, to maximize specific torque, a certain amount 3 ructue.

. - ) . HDUYV VSHFLILF WRUTXH ZLWK WKHVH V
magnet thickness is required to produce sufficient torque to ; : » 0 o
counteract the modulator mass. pole piece design led to an additional 4% specific torque

reduction.

The ideal magnet thickness was always found to lpetdor , - o
WKH VXQ JHDU WKDQ Lw 20V IRU IEIAaIha e eianieds TN
higher susceptibility to leakage betwstrpolesis onecause fabricated. A detailed design .pa.per on-PWill be ?//vritten
of this difference. Because theagnetiaeluctance of the ring onceits faﬁrication and testing are completed
gear$§ poleto-pole leakage circuit is lower thahat of the '
sun, a higher percentage of the flux it produces lea
Thereforethicker magnets are more effective on the sun th
the ring because moaoétheflux produced enters the coupling Performance characteristics of BT and PT2 are
path and contributes to torque productior8 O VR W K HsuMin§&@iZe imablel. The predicted specific torqdier PT-
array lengthV JUHDWHU WKDQ WKDW RI1 W Kbsdd loR 2D 6RA,WKsH3 MKV TRrélighDdeometric
must be thicker to be equally effective. optimization of the magnetic circuit elements,-Pachieved

a predicted specific torque of 61 Nm/groughly double that
There was always an ideal modulator thickness to maximioé PT- 1.
specific torque.. KHQ WKH PRGXODWRUTV WKLFNQHVV UHGXFHV VR
does its mass. For a given specific tordhis mass reduction Table2 summarizes resultant magnetic configurations of the
lowers the required torque, which allows thinner arrays thawo prototypes. The major magnetic configuration changes
produce less flux. The thinner arrays provide an additiongiat enabled aimproved specific torque from RPT to PT-2
mass reduction. Thus, the combined effect witduced are:
modulator thickness is higher specific torque but a lowet to
torque. There is a limit to this trend where the modulaton, 7KH PDJQHWLF ILOO RI WKH ULQJ DQ
becomes so thin that the magnetic gaps dominate the arrays was increased by using annular wedge magnets,
reluctance between the ring and sun gears and the modulator rather than square magnets, which better fit the form
loses its influence on the magnetic flpath. This minimum factor of the CMG.
modulator thickness epends on the thickness of the two

d’rototype performance and technology advancement
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2. The number of magnets peray was increased from 4 Gerber, et al (Refl7) provided insight into how 3leakage
to 6, resulting in each &y having higher specific flux.
3. Radiallythinner and circumferentialghorter, higher commonly overestimates torque 29 —40 %, primarily
pole countHalbach arrays were used, also increasing theecause it does not capture the leakage that occurs in the axial

DUUD\YV VSHFLILF 10X]

effects differ between designs. He reportisht 2D FEA

direction. mparison of 2D and 3D magnetic gear

4. The magnetic gap between the rireag and modulator simulations shoed that the disparity in predicted torque
was reduced, resulting in reduced leakdgetween the reduces as (1) magnets get thinner, (2) pole pieces get thinner,

poles of the ring.

and (3) be axial length of the gear gets larger relative to its

5. Pole piece thickness was reduced, resulting in bothiameter. These changes relate to reducing the reluctance of
increased flux coupling and reduced mass.

Table 1: Performance of PT-1 and 2

PT-1 PT-2
Torgue (Nm)
2D simulation 53.0 178
Measurement 34.0 N/A
Mass (kQ)
Active 1.0 (59 %) 1.7 (59 %)
Structural 0.7 (41 %) 1.2 (41 %)
Total 1.7 2.9
Specific torque (Nm/kq)
2D simulation 31 61
Measured 20 >40 (est.)

As shown inTablel, the measured specific torque of-B1s

20 Nm/kg.This indicates that the 2D prediction overestimate

PT- 1V VSHFLILF W.BYWappyihgghis same tdor

to the simulation results of RPZ, its actual specific torque is
estimated to b&l0 Nm/kg. This is considered to be a low
estimate of the actual specific torque of-BThased on the
differences in 3D leakage effects that are expected betwe

the twoprototypes.

Table 2: Magnetic configurations of PT-1 and 2

PT-1 PT-2
Mech. / mag. diameter (mn 141.0/129.0 | 154.0/140.5
Mech. / mag. length (mm) | 92.4/254 | 114.3/50.8
Mag. aspect 0.20 0.36
Gear ratio {) 4.25 ~4.83
Magnet shape Square Annular

wedge

Sun | Ring | Sun Ring
No. magnets per array 4 4 6 6
Array length (mm) 70.0 | 29.7 [59.1 | 18.7
No. pole pairs) 4 13 6 23
Array thickness (mm) 12.7 | 6.35 | 7.75 | 3.63
Physical gap (mm) 0.0 [0.71 | 1.0 1.0
Magnetic gap (mm) 21 |28 2.6 1.0

Modulator Modulator
No. pole pieces 17 29
Pole piece thickness (mm) | 5.6 2.7

the coupling path relative to the axial leakage path. Table 2
shows that P2 has made improvements ovef-P in all
three of these areaBherefore the difference between ti29
prediction and the actuapecific torqueshould be muclkess

than 35 % As a result 40 Nm/kgis considered to be a
conservativestimate of PT IV VSHFLILF WRUTXH
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Figure 11: Specific torquedf TRL 9 aircraft
transmissions and TRL 3 CMG prototypes

For perspective, the specific torque of these magnetic gear
prototypesis plotted vs. torque ifrigure 11, along with61
aircraft transmissiong49 rotorcraft and 12 fked wing
aircraff), as well as a trend line that fits the aircraft datae
transmissiordata set was published previously (R, in a
different form, formassestimation.The mass values used to
compute specific torque include both the gearbox and
lubrication systemThe aircraft transmissi@range from 55

to 272 Nm specific torque, in comparismrthe magnetic gear
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prototypes that are 20 and 40 Nm/kg. Howevertridned line in Figurel2 These vehicles are intendedrepresent a cross
shows that the specific torque of the aircraft transmissiosection of the concepts emerging from the private sector, and
drops significantly as torque is reduced. The conservatiage being used by NASAo focus and guidets eVTOL
estimate for PT V V SHFLIL FwithirR13 PoXdfl theVV technologydevelopmentefforts. There is singlgpassenger
aircraft transmissiotrend lineat its torque level (116 Nm)  quadrotor vehicle, intended to operate asaantaxi, a 6

pasgnger sideéby-side helicopter, for vanpool type
This observation indicates that magnetic gearing may be mangerations, and finally a tiltwing aircraft, which would
competitive with mechanical gearing for relatively low torqueperate on a schedule like a traditioaaliner. The release
applications, suclas for driving the relatively small rotors of these reference vehicles came after the complefiphase
used in some distributed propulsion eVTOL. More Rl 13639V P Qea@rd Vroject These vehicles,
information is needed, however,dlarify the range of torque KRZHYHU ZLOO EH WDUJHW DSSDLFDWL
wheremagnetic gearing may be comparable. First, additiondevelopment of magnetic géag technology
data on masseptimized mechanical transmissions in the
lower torque range is needed taifie or modify the trend. In these concepts, the rotors are either fully or partially driven
Second, the technology readiness level (TRL) of the magnekig electric motors (EMs)Jnlike most eVTOL vehiclesding
gearing technology needs to be elevated. The prototypégs| SORUHG LQ WKH FRPPHUFLDO VHFWRU
produced are considered TRL 3; essentially experiment®d JHDUER[ LV XVHG WR GHFRXSOH WK/
proof of concept. Changes in their structures will beliregl  rotational speed. Propeller blade speeds are iatgtively
for heat transfer, mechanical endurance, and systetosy to minimize the noise associated with high propeller tip
integration. These changes could have a significantimpact MaiSHH G 7 K Hatioh&l \6p&e® is assumed to be much
mass, as structures account for 40 % of the total mass in tligher, so that it can generate the required power with lower
prototypes developed. Another key point is that magnetic gearque Lower torque demand reduces the required
torque will be reduced with increased speed if significanglectromagnetic loadingwhich enables theEM to be
eddy currents are generated. This issue will be discuss#ekigned with lower mass and/or higher efficieriRgf6.11
further in the following section on future workinally, to and12).
know how magnetic gearing compares at other torquadev
additional specific torque optimized prototypes or scaling
laws are needed.

There is also room for furthé@mprovemenof CMG specific
torque. Magnetic circuit optimization was limited by the
structural design and manufacturing constraiiMsgnetic
gap sizes ran into the limitationsf the 3D printing
manufacturing process used. The inner magnetic gap w3
further limited by the magnetic containment hoeipally, the
features added to the pole pieces that enabled mechanical
integration with the modulator also reduced specific torqug
New designs and manufacturing process that overcome th
issues would open the design space and praviceased
specific torque

FUTURE WORK

3KDVH Rl 1$63%1MV PDJQHWLF JHD
making magnetic gears competitive with traditiogabring
at the high speeds required for aerospace applications. P
3 will focus on integration of magtie gears with electric
motors. 1$63TV S5HYROXWLRQDU\ 9HUWL
(RVLT) BURMHFWYTV H972/ YHKLFOH FH
targeted application for this continued teaiology
development. In this section, first the eVTOL vehicle
concepts and their gearing needs will be introduced and the
the required magnetic gear techogydevelopment to satisfy
these applications will be discussed.

ReferenceVehicles

1$6$ TRVLT Project recentlyreleasedthree reference Figure 12 1$6$fV H972/ UHIHUHQFH YHK
eVTOL vehicles designs, as detailed in R&8and illustrated
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Table 3 displays the baseline propulsion configurai@md Magnetic gearing could potentially provide a number of

gearing needs of each NASA reference vehicle. Here the lobenefits over traditional gearing in these applications. These

conditions for the gearing stages correspond to the aircraftpontential benefits include reduced maintenance costs, reduced

hover.The quadrotor has an electric propulsion system, wheneise, higher reliability, and improveads of lubrication

each rotor is driven by a geared EM. The load on the gearbperformance.However, the high input and output speeds

is quite low, 15.9 kW (21.3 hp), and it has a moderate geassociated with these applications are beyond the speeds that

ratio of 12.1. have been targetedrfonost magnetic gearing development.

Additionally, these applications are much more sensitive to

Table 3: Baseline propulsion configurations,gearing  gearing weight than wind and automotive applications. Thus,

needs and hover load conditionsfor NASA’s eVTOL for magnetic gearing to be viable for these applications,
reference vehicles significant work is still needed tbe dme to produce a
- - — magnetic gear that has high specific torque and high
Quad Side-by-side | Tiltwing efficiency at high rotational speeds.
Propulsion Electric | Par. Hybrid | Turbo elec.
configuration:| 4 rotors | 2 rotors 4 rotors Direction of future work

4 EM 2TS,1EM | 4EM
S 7KH IRFXV Rl 1$6%$TV ZRUN RQ PDIJQHWLF

Gear stage EM-rotor | TS-rotor EM-rotor the project will be on the development of the technology
Ratio 12.1 Up to 140 9.3 required © make magnetic gears efficient at the rotational
Load (kW) | 15.9 926 535 VSHHGV UHTXLUHG IRU 59/71V H972/ DSS

loss mechanism for magnetic gears in high speed operation is

(rpm) 661 445 861 eddy currents. Eddy currents result from time varying
(Nm) 229 1987 5928 magnetic fields creating electricéields inside conductive
Gear stage N/A EM-rotorGB | Genset materials. They are a speed/electrical frequency dependent

Ratio TBD 2.6 phenomenon that is prevalent@MGs, because the sun and
Load (kW) 73.2 2415 ring gears have different fundamental spatial harmonics that
' create high levels of time varying flux in each ataedin the
(rpm) 445 8000 . .
modulator. A the low rotational speeds of wind and
(Nm) 1,569 2,883

automotive applications, eddy currents are not as big of a
goncern, so most of the magnetic gear development up to this
ch . A : .

point has not focused on mitigation of this loss mechanism.

The sideby-side has a parallel hybrid arrangement with ea
rotor driven by a gearadrboshaft TS) engine. In addition, a
gearedEM couples with therotor gearbox(GB) through
crossshafting This EM augments the poweluring hover
conditions and tien duringcruise the TS engines drive the
EM as a generator to charge a battery. The ge&ring
resembleghat of a small heligater; it has a moderate loa
power, 92.6 kW (124.2 hpa very high reduction ratio, up to
140 anda 90 degree turn to transition from the horizontal T
engne to the vertical rotor shaft should be noted that the
high gear ratio is based dhe powerturbine speedwithout
speed reduction within the engiriehe EM gearingalso has
moderateload power, 73.2 kW (98.1 hp), as well as an
undefined mechanism to regulate the supplied torque durifl . . . : : :
hover and allow for power reversal during cruiae gea i terial options to ellmlngte t_hls _potentlal loss mechanism
ratio required for the EM will be based on the rotational speé’éﬂ'thoUt the use of magnetic shielding.

DW WKH VWDJH ZKHUH LWV LQWHJUDWHG KH WRU *%
i Q gonsidering Ifh%t tWere Wthawa some level of power

Or{jissipation within the gear, heat dissipation will be another

Finally, the tiltwing vehicle has a turboelectric propulsi . . .
system with a geared EM at each rotor. When converting fropgPortant topic. Without the use of lubrication, structural heat

hover to cruise, thé RWR U TV V S H H Glay a tebu@ XSEIRatIRN, bef"comes more critical. T_hel Combdi”at?"” of
of ORZHULQJ WKH (0fV VSHHG DV d"é*%ﬁrﬁr(}ﬁfit% OO\PFEUCEJF@%@ i‘i ﬁlheftrﬁﬂdbf?" uctive
dy currents, but ther

ratio). The EM to rotor gearing has high load power 535 kW prevent e Sy al conductive to remove
(716 hp) and a moderate ratio of 9.3. Electric power eat S|gn.|f|cant_ly Tedgces the-matenal options. Thus,_ a
supplied by a geared TS to EM generatien (genset). The research investigation into candidate materials and associated

gearing used to connect the genset has very high load powrgﬁnufacturing processes is being undertaken.
2,415 kW (3,239 hp) and a low reduction ratio of 2.6.

Developingeddy current mitigation strategies will be a major
IRFXV RI SKDVH WZR RI 1%$6%$TV PDJQHWL
to optimize the design &@MGsto minimize the potential for
deddy currents will be explored. Additionally, the use of
alternative magnetic materialand laminated magnetic
§1ateria|s to reduce the effective conductivity of the active
magnetic components in MGs will be investigated. Literature
has also shown that eddy currents can be generated in the
structural components of MGs if they are conductive: eare

is not taken to shield them from the magnetic fields of the
ar. NASA plans to explore naonductive structural

High speeds raisessises with radial magnet and pole piece
containmentSpecific torquein the CMGis highly sensitive
to magnetic gapize, LW UHGXFHV WKéabilRyDAJQHW D
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drive the flux required to produce sufficient torque. At higtand fabrication issues. Its predicted specific torque (2D finite

speeds, radial containment of gmets and pole pieces element simulation) was 31 Nm/kg while its measured value

becomes a problem that is typically solved with use of carbavas 20 Nm/kg.

fiber or titanium containment rings. Use of containment rings

in the CMG requires increased magnetic gaps between tide systematic design process was then developed and

components to maintaiphysicalgaps. NASA plans toobk implemented for prototype 2 (Pd) to maximize its specific

into alternative solutions for magnet and pole piectorque. Its 2D predicted specific torque was 61 Nm/kg, or

containment as they could lead to significant MGoughly double that of PI. Prototype 2 has not been

performance improvements at high speed. completely assembled at this timeyt lits measured specific
torque can be estimated by applying the reduction factor (35

Currently there is lack of test data on the high speed effects¥%j observed between PTIV VLPXODWLRQ DQG HJ

magnetic gears. Therefore high speed testing will be done Doing so results in an estimated value of 40 Nm/kg. This is

PT-1 and 2, as well as futurprototypes to characterize considered to be a very conservative estimate becauge PT

torque, efficiency, vibration, and temperature as a function bhs a much higher aspect ratio and it contains other magnetic

speed. circuit features that are expected to reduce its 3D flux leakage
and thus the drop in performance between 2D prediction and

CMGs lend themselves well to the Efetrotor stages of the experiment.

guadrotor and tiltrotor RVLT Concepts. In line gearing makes

sense for these stages. Their gadiorrequirements are also For comparison, several rotorcraft and fixed wing aiftcr

within the capabilities of asgle CMG stage. In contrast, thetransmissionsvere shown to range from 55 to 272 Nm/kg,

side by #&le transmission has all of the challenges of avith the trend showing that the higher specific torque values

traditional helicopter; itequires a gear box thedmbines the correspond to higher torqugransmissions The specific

power from two inputs, has shafhgle changesnd a high torque for PT2, conservatively estimated at 40 Nm/kg, is

gearratio &0* TV D sutabzRosowercombiration or lower than all of tbsetransmissionsHowever, it is very close

angle changeHigh gearUDW LRV IRU &0*TV D Udth®teniRwitib LBLOBKED Bktrapolated 8T- 1V WRUT XH

because they require high pole couintsreasing lekage and level(116 Nm). This indicates that, in the near term, the CMG

eddy current concerns. Multtage designs are possible, butechnology may be viable for lower torque applications, such

this configuuDWLRQ KDVQfW \HWhug HevQ asidrBetgid)dieGirifiedertical takeoff and landing (eVTOL)

magnetic geararchitectures will be requed to make a aircraft. One important caveat here is that the prototypes

magnetic gearing feasible for this typeapiplication. produced have very low technology readiness level. As more
engineering considerations are taken into account, their mass

3KDVH RI 1$6%$TV PDIJQHWLF JHDU mRayRMM FAV thelLsar@e ItiRE, Xher® QrtieR wom for

best to integrate electric motors with CMGs. It has beemagnetic circuit optimization.

established ithe technicaliterature thatn electromagnetic

statormay be integrated with the magnetic circuit of a CMGNith regard to the CMG technology, the following lessons

to create what is called psuedodirect drive (PDD). The were learned:

combination of a motor and CMG into a single component

can potentially reduce the complexity and mass of the 1. Maximizing specific torquas achieve by creating

drivetrain Many differentPDD configurations have been the highest flux coupling between rotors with
proposed in recent yea(Refs. 7 and 8). In phase 3, these minimal mass penalty-hisis primaryacconplished
topologies will be explored for use in the Bbtrotor stages by creating high specific flux magnet arrays and a
of the quadrotor and tiltrotor RVLT concepts. low mass magnetic circuitvith minimal flux
leakage
CONCLUSION 2. Custom magnetarea key factor in creating magnet
) o ) _ i arrays with high specific flux. Custom shape ensible
Magnetic gearing is an alternative to mechanical gearing, arrays with high fill factor. Custom daly enabls a
where torque is transferred through magneticcdoras free selection of magnebunt.
opposed to @ntact force. The technology has the potential to 3 op their own, cylindrical Halbach arrays increase in
be used in aircraft applications, withdbelubrication, noise, specific flux as they get radiatyinner,
and maintenance issuesssociated wittmechanical gearing. circumferentiallyshorter, and have a highgole
NASA has initiated a -4/2 year project to establish a core count.
competency and advamthis technology. 4. Increaig pole counthas diminishing returnson
specifc flux. Six magnets per poleair provides
This paper summarized the progress made in the first six most of the benefivithout excess complexity
months of the project, where the toreloemass ratio (specific 5. When engaged with the CMG, there is an optimal
torque) of concentric magnetic gear (CMG) technology was radial thickness for an array. The specific flux of the
examined. This was done through the development of two arrays improves ai get thinner, but a minimum

smal-scale (< 152 mm diameter) prototypes. Prototype 1 (PT
1) was developed rapidly to gain an understanding of design

12



10.

thickness igequired to produce sufficient flux (and In order to motivate further technology development, the
thus torque) to offset the mass of the pole pieces. JHDULQJ QHHGV IRU 1%$6%$TV UHIHUHQFH
There is an optimal pole piece radial thicknesspresentedOne of the common factors is that operational
Thinner pole pieces reduce leakage and mass, lmgeeds are higher than typically considered for magnetic
past a certain point their modulation effectgearing applications.Efficiency loss and heat production
diminishes. through the generation of eddy currents are expected to be the
Smallermagnetic gapbetween the arrays and poleprimary challenges. Mitigating of these issues to enable high
pieces reduces flux leakadggmaller magnetic gaps speed operation will be the focus of the next phase in the
also enabl¢he use othinner magnet arrays and poleproject.

pieces.

The lowspeed, higher pole count rotor is moreAuthor contact: Vivake Asmd vivake.m.asnani@nasa.gov
sensitive to variation in the adjacent magnetic gapustin Scheidlejustin.j.scheidler@nasa.goVhomas

because its poles are closer together and thereforallericothomas.talleric@nasa.gov

more prone to leakage between poles.

It is paramount to plan for magnetic forces in the ACKNOWLEDGMENTS
assembly process when designing the mechanical
structure of the gear. 7KLV ZRUN ZDV VXSSRUWHG E\ 1%6%$

The size of magnetic gaps is limited by mechahi Research and Development Program and Revolutionary
ConsiderationS, such as structural tolerances a[y(frtical Lift TEChnOIOQy PrOjeCﬂ—he authors would also like
features for magnet and pole piece containmerf@ recognize Dr. Timothy Krantz for provitj the aircraft
Thus, structural changes that enable smalldfansmission data.

magnetic gaps can increase specific torque.
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