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SUMMARY

A 4068 N-m-sec (3000 1lb-ft-sec) laboratory test model annular momentum
control device (AMCD) is described and static and dynamic test results are pre-
sented. An AMCD is a spinning annular rim suspended by noncontacting magnetic
bearings and powered by a noncontacting linear electromagnetic motor. Test
results include spin-motor torque characteristics and spin-motor and magnetic-
bearing drag losses. Limitations of some of the design approaches taken are
also discussed.

INTRODUCTION

The annular momentum control device (AMCD) represents a new development
in the field of momentum storage devices (ref. 1). The basic concept of the
AMCD is that of a rotating annular rim suspended by noncontacting magnetic
bearings and powered by a noncontacting linear electromagnetic motor (fig. 1).
A detailed discussion of the rationale for the AMCD configuration and its
potential applications are presented in reference 2. Although the majority
of the applications discussed in the reference are spacecraft oriented, it
appears that the concept may also have significant advantages as an energy
storage device for Earth-based applications (refs. 3 to 5). Because of its
unique configuration, an AMCD presents several design constraints which inter-
act with all components and result in basic requirements for any AMCD design.
As pointed out in reference 2, any number of variations in the design of rim,
motor, and/or bearings could be made in an attempt to better meet the specific
design requirements for a given application. General design considerations are
listed and discussed in this reference. In order to investigate any potential
problem areas in implementing the AMCD concept for large radial dimensions, a
laboratory test model AMCD was designed and fabricated under contract. The
laboratory model has been delivered and preliminary tests performed. This paper
includes a brief description of the laboratory model AMCD assembly and results
of static and low-speed dynamic tests.

SYMBOLS
Kp position gain
Kp electromagnet gain
Km equivalent permanent-maghet stiffness
Kr derived rate gain
m suspended mass
P power

s Laplace variable



X rim displacement
Xa position command

w frequency

MODEL DESCRIPTION

A brief description of the laboratory model AMCD shown in figure 2 is pre-
sented in this section. A more detailed description of the subsystems is given
in reference 6. The laboratory model (fig. 2) consists of a graphite-epoxy com-
posite rim which is 1.6 m (63 in.) in diameter, weighs 22.4 kg (49.4 1b), and is
designed to rotate at a speed of 2703 rpm. At this speed the rim momentum is
4068 N-m-sec (3000 1b-ft-sec). The rim is suspended by three equally spaced
suspension stations. Magnetic-bearing elements located in the suspension sta-
tions interact with a low-loss ferrite material, embedded in the rim, to pro-
duce radial and axial suspension forces. Electromagnetic stator elements, also
located at the suspension stations, push and pull against 72 equally spaced
samarium cobalt permanent magnets, embedded in the rim near the outer edge, to
produce spin torques. The stator-element drive electronics are commutated by
signals from a Hall effect device which senses the position of the magnets.

In order to prevent damage to the rim in the event of a magnetic suspen-
sion failure during spin tests, the AMCD laboratory model assembly includes a
backup bearing system. The system has six bearings (two per suspension sta-
tion) which are designed to slow and support the rim. The bearing system pro-
vides hydrostatic air pads for radial control and hydrodynamic air pads for
axial control. The backup and suspension bearing assemblies are supported by
an aluminum baseplate. A vacuum cover (not shown) fits over the bearing-motor-
rim assembly and bolts to the baseplate for high-speed spin tests.

Figure 3 is a close-up of one of the suspension stations. There are eight
magnetic-bearing elements, four top and four bottom, which provide axial sus-
pension. A total of four elements are mounted around the inside of the rim
which, in conjunction with the other two stations, provide radial suspension.
The center structure mounts the axial- and radial-position sensors for this
station. The sensors consist of a variable-impedance bridge with an active
coil and a reference coil. They are sensitive to anything that changes the
inductance of the active coil in the sensor probe such as the close proximity
of a magnetic material. In the AMCD rim the ferrite material is sensed. Fig-
ure 4 is a cross-sectional drawing of a suspension station and shows the rim,
bearings, and spin-motor elements in more detail. The magnetic-bearing gaps
with the rim centered are 2.54 mm (0.1 in.).

RESULTS AND DISCUSSION
Magnetic-Bearing System

As described in reference 6, the AMCD magnetic bearings utilize permanent-
magnet flux biasing. The advantages of this technique include (1) a linear
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relationship between force and current at a given operating point can be easily
obtained, (2) with permanent magnets supplying a portion of the flux, the power
required to suspend the rim in a 1g (1g = 9.8 m/sec? (32.2 ft/sec2)) environ-
ment is reduced, and (3) the permanent magnets supply the constant flux required
for zero-power operation.

The force produced by a given station at a given equilibrium position can
be represented by the following equation from reference 6:

F = KBI + Kmx (1)

vwhere Kp is the electromagnet gain in force units per unit current, K is

an equivalent permanent-magnet stiffness in force units per unit displacement,

I is a given electromagnet current, and x is a given rim displacement. A
simplified block diagram of a magnetic-bearing suspension servo using the force
model of equation (1) is shown in figure 5 where K is the position gain, Kg
is the derived rate gain, and m is the suspended mass. The closed-loop trans-
fer function becomes

KAKB/m

(2)

X
X

¢ KpKp K Ky - Ké)
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which is a classical second-order transfer function with a natural frequency of

KpKp - Kp
oy = |——— (3)

m

and a damping ratio of

1 \ KrKB
p =l (4)
2wp/ m

The conditions for stability are KjKg > K and Kg > 0. The de gain of the
system becomes

X

Xe

s=0 Km
1
KpKp

From equation (5) it is obvious that as KpKp + Kp, hence as wp > O,
X

—_—

Xo

+ o, Figure 6 is a Bode plot illustrating the variation in closed-loop
s=0




gain in dB at different natural frequencies normalized to VKm/m. As can be
seen from this figure, the zero dB crossover frequency approaches VKm/m as a
lower limit. Early tests revealed that the rim had structural modes (charac-
teristics of the rim are described in a subsequent section) close enough to the
lower bandwidth limit determined by the permanent magnets to restrict the amount
of rate gain that could be utilized without causing structural ringing. Conven-
tional methods of filtering out the structural frequencies were unsuccessful due
to the extreme sensitivity of the system poles to the introduction of lags down
to frequencies which included the structural frequencies of interest. Low sys-
tem damping, along with other effects of permanent-magnet flux biasing, and rim
warp (to be discussed subsequently) combined to prevent the rim from attaining

a stable spin speed in excess of 475 rpm.

Virtually zero-power (VZP) mode.- As described in reference 6, the VZP mode
consists of a method to bias the equilibrium point of the rim to a position in
the bearing gaps where the mass of the rim is supported by flux supplied only
by the permanent magnets. The advantage of this method is lower power consump-
tion in a 1g environment. However, the VZP equilibrium point for the laboratory
model was approximately 1.143 mm (0.045 in.) above the center of the bearing
gaps. This was found to be insufficient clearance for spin tests, and since
changing between VZP and position modes necessitated resetting the backup bear-
ings, the VZP mode was not utilized beyond preliminary static tests.

Wahoo mode.- The Wahoo mode, as described in reference 6, performs a func-
tion for the radial suspension equivalent to the function performed by the VZP
mode for the axial suspension with the added feature of allowing for rim expan-
sion at higher speeds. In the laboratory model tests the assembly was mounted
with the rim spin axis vertical so the equilibrium radial position was centered
in the bearings. However, since the radial-position mode exhibited better damp-
ing than the Wahoo mode and the axial bearings were supporting the rim weight,
the radial-position mode was utilized for the majority of the spin tests.

Rim

Rim fabrication.- The laboratory model AMCD rim was fabricated by wrapping
a graphite filament tape, impregnated with resin, on a special spindle producing
100-percent circumferential fibers (ref. 6). The advantage of this technique is
that the full strength of the material can be utilized (ref. 2). However, since
the fibers are 100-percent circumferential, the only resistance to creep along
the axis parallel to the spin axis is provided by epoxy. It was discovered
early in the test program that care must be exercised in storing the rim in a 1g
environment to prevent the rim from creeping. The creep is in a direction which
produces deviations out of the spin plane. These deviations produce an equiva-
lent disturbance input to the axial bearings as the rim spins. In the labora-
tory model AMCD, static deviations of the rim have been measured and range from
a maximum of 1.651 mm (0.065 in.) to a minimum of 0.2032 mm (0.008 in.), depend-
ing on how the rim is stored. These numbers are total deviations (measured from
peak to peak) and were measured midway between suspension stations with the rim
suspended. The rim deviations, or warp, include two high and two low points per
rim revolution, which approximates a sine wave disturbance at twice the wheel
spin frequency. The origin of the basic two-cycle-per-revolution shape of the
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warp is unknown. By experimenting with different methods of storing the
rim, it was found that rim deviations could be held consistently to 0.381 mm
(0.015 in.). This appears to be an acceptable value but confirmation awaits
higher speed spin tests. Theoretically, as rim spin speed increases and rim
stiffening occurs (ref. 2), the rim should flatten out and rim warp should
become negligible. In the radial direction, deviations of 0.1016 mm

(0.00L4 in.) from peak to peak were measured and exhibited a three-cycle-
per-revolution shape. There was no significant change with respect to time
observed for the radial deviations.

Rim structural modes.- The rim had out-of-plane bending resonances at
about 18, 180, 290, 435, 610, and 800 Hz. These resonances were obtained by
a frequency sweep with the rim suspended and not spinning. The resonance at
180 Hz proved to be the most severe and was the one which was excited by the
bearing servo loops when an attempt was made to increase rate gain.

Drag Losses

Data for calculating drag losses were taken by spinning the rim up to
304 rpm and letting it coast down to 50 rpm. Rim warp was measured at the
beginning of spin-up and at the end of spin-down and was 0.3683 mm (0.0145 in.).
Pressure inside the vacuum enclosure was 11.6 Pa (87 um Hg) at the beginning of
spin-up and 14.4 Pa (108 um Hg) at the end of spin-down. Rim speed was sampled
and recorded at 5-sec intervals using the test setup described in appendix A.
These data were then used to generate the rim-speed-versus-time curve shown in
figure 7. The crossmarks in the plot are data points and the curve drawn
through these points was generated using the curve-fit technique described in
appendix B. This curve was used to calculate coefficients of a drag-loss-
versus-rim-speed curve (also described in appendix B). Figure 8 is a plot of
drag loss in watts as a function of rim speed in rpm over the spin-down range,
and figure 9 is a similar plot over the range of 0 to 3000 rpm. The coeffi-
cients of the drag-loss equation in watts as a function of w, rim speed in rpm,
were calculated to be

P = 7.045(10)=3w + 3.057(10)~5w2 (6)

where the first-order term represents hysteresis loss and the second-order term
represents eddy current loss. This calculation represents total drag loss,
which includes losses due to the flux of the motor magnets cutting the aluminum
baseplate and cover, motor-stator cores, and bearing-element cores. Total drag
loss also includes losses in the rim ferrite material due to the flux from the
bearing elements cutting it, losses in both the rim ferrite and bearing-element
cores due to bearing-element flux change caused by gap changes introduced by rim
warp, and air drag due to the residual pressure in the vacuum enclosures. An
initial estimate of drag losses was made for the motor-magnet flux cutting the
aluminum baseplate and cover, the magnetic-bearing flux cutting the rim ferrite,
and the graphite-epoxy material of the rim. Drag loss at a pressure of 4.67 Pa
(35 um Hg) at full speed (2703 rpm) was estimated to be 1 watt. Using the same
formulation for a pressure of 14.4 Pa (108 um Hg), the drag loss becomes

3.04 watts. Total estimated drag loss from the sources just mentioned is



approximately 6 watts at full speed. The majority of the projected drag loss
appears to be due to the loss caused by the motor-magnet flux cutting the motor-
stator and bearing-element cores and the loss in the bearing-element cores and
rim ferrite caused by rim motion resulting from rim warp. The projected drag
loss (fig. 9) should be a worst-case number since high-speed effects such as

rim flattening and skin effect are not accounted for.

Rim-Drive Motor

Performance data for the rim-drive motor were taken in the region from 75
to 300 rpm. Motor speed was sampled at 5-sec intervals using the test setup
described in appendix A. These data were then used to generate the rim-speed-
versus-time curve shown in figure 10. The crossmarks in the plot are data
points and the curve drawn through them is generated by the curve-fit tech-
nique described in appendix B. The rim acceleration, calculated from fig-
ure 10, appeared to be a constant 1 rpm/sec over the range of the data. The
motor torque was calculated to be 1.482 N-m (1.094 1b-ft).

CONCLUDING REMARKS

A laboratory test model AMCD has been designed and fabricated. Initial
tests with the laboratory model have provided insight into limitations of some
design approaches taken. These approaches are (1) permanent-magnet flux-biased
magnetic bearings, (2) completely unidirectional lay-up of composite materials
for the rim, and (3) possibly the use of open permanent magnets for the spin-
motor poles.

Permanent-Magnet Flux Biasing

Permanent-magnet flux biasing of magnetic bearings presents advantages
from the standpoint of lower power required for support in a 1g environment and
linearization of current-input—force-output characteristics. This approach
did, however, present a problem from a control-system standpoint for the labo-
ratory test model AMCD. For stability, a lower limit on the servo bandwidth
is imposed by the characteristics of the permanent magnets. The existence of
structural modes in the area of the magnetic-bearing servo crossover of the
laboratory model has limited the amount of rate gain that could be utilized
without causing structural ringing. Low system damping, along with other
effects of permanent-magnet flux biasing, and rim warp (to be discussed sub-
sequently) combined to prevent the rim from attaining a stable spin speed in
excess of U475 rpm. As part of the AMCD development program, work is being done
on the design and fabrication of a magnetic-bearing system, with no permanent-
magnet flux biasing, to replace the existing bearings.

Rim Fabrication

The rim fabrication included a unidirectional lay-up of graphite fibers,
bonded by epoxy, in a circumferential direction. The advantage of this tech-
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nique is that the full strength of the fibers can be utilized. However, since
the fibers are 100-percent circumferential, the only resistance to creep along
the axis parallel to the spin axis is provided by epoxy. Consequently, care
must be exercised in storing the rim in a 1g environment to prevent the rim
from creeping. The creep is in a direction which produces deviations out of
the spin plane. These deviations produce an equivalent disturbance input to
the axial bearings as the rim spins. Creep in the radial direction has been
negligible. Problems of creep in subsequent rims could be reduced by dedicat-
ing some of the fibers to producing stiffness in the axial direction.

Spin Motor

Preliminary tests of the AMCD laboratory model indicate that the rim spin
motor performs reliably and produces adequate torque. The motor produces a
torque of 1.483 N-m (1.094 1b~ft) over the range (up to 300 rpm) tested. How-
ever, based on spin-down data taken over this range, the projected drag losses
at rated speed are much higher than originally predicted. Most of the loss can
be attributed to the flux from the open permanent-magnet motor poles cutting
the motor-stator and bearing-element cores and to the loss in the bearing-
element cores and rim ferrite caused by rim motion resulting from rim warp.
Further tests at higher speeds will be required to confirm the projected drag
losses and to separate the contributions of each source. The possibility
exists that the losses due to the open permanent-magnet motor poles may be high
enough to warrant reevaluation of the concept for subsequent designs.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

February 10, 1978



APPENDIX A

DATA ACQUISITION SYSTEM USED IN AMCD SPIN-UP AND SPIN-DOWN TESTS

The test setup used to obtain data during the laboratory model AMCD spin-
up and spin-down tests is shown in figure 11. The setup consisted of two digi-
tal counters and a two-channel digital printer. One counter was allowed to run
free under control of its internal time-base oscillator to provide time in sec-
onds. The other counter provided a readout of rim speed by counting motor com-
mutation pulses for one phase at a preset time interval. (For a detailed
description of the spin motor see ref. 6.) At the end of this interval a print
command was sent to the printer which then recorded the rim speed and time count
contained in the other counter at that particular instant. The sample-rate con-
trol of the rim-speed counter was set to initiate the counting intervals every
5 sec. The preset time interval of the rim-speed counter was 1/36 min. Since
there are 36 commutation pulses per phase for one revolution of the rim
(ref. 6), this resulted in a direct display of revolutions per minute (rpm).



APPENDIX B

DRAG-LOSS AND MOTOR-~-TORQUE CALCULATIONS
This appendix presents the method used to calculate the coefficients of
the drag-loss-versug-rim-speed equation based on data taken during spin-down
and the equations of motor torque based on data taken during spin-up.

Drag Loss

Instantaneous torque on the rim can be expressed as

T=1— (B1)
dt

where T 1is torque, I is rim inertia, and dw/dt 1is the rate of change of
rim speed with respect to time. The instantaneous power can be represented as

P = Tw (B2)

or, by using equation (B1), as
dw
Poa Iw— (B3)
dt

Since I is known, only the rate of change of rim speed at a given speed is
needed to compute the instantaneous drag power. Using the test setup described
in appendix A, rim speed was recorded at 5-sec intervals as the rim was allowed
to spin-down from 304 to 50 rpm. A curve-fit program (curve fitting by
Chebyshev polynomials) was used on a desk~top calculator to generate a fourth-
order curve fit through these data which resulted in a polynomial of the form

w = ag + at + axt? + a3t3 + autu (BY4)
Equation (BY4) was then differentiated to form

dw
— = aq + 2ast + 3axt2 + Hayt3 (B5)
at 1 2 3 y

Then w and dw/dt were computed at given values of t and equation (B3) was
used to compute drag power at these specific points.

The curve-fit program was then used to fit a second-order curve through
these values which resulted in a polynomial of the form

P = aqw + asw2 (B6)



APPENDIX B
It should be noted that the constant term ap was not exactly zero in equa-
tion (B6). However, it was relatively small and was ignored.
Motor Torque
Using the test setup described in appendix A, rim speed was recorded at
5-sec intervals as it was accelerated by the spin motor from 75 to 300 rpm.
The data indicated constant acceleration over this range so the curve-fit pro-
gram mentioned previously was used to obtain a first-order curve fit. This
resulted in a polynomial of the form

W = 50 + 5115 (B7)

Differentiating this equation results in

dw -
(B8)

Equation (B8) was then substituted into equation (B1) to compute the motor
torque.
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Figure 2.- AMCD laboratory test model.

L-78-18



il

Figure 3.- AMCD suspension

station.

L-78-19



Sl

AXTAL BEARINGS

DRIVE MOTOR RIM
\
\\ \ /

/ RADIAL BEARING
\
\

| N 7
j | \L__J

]
MAGNET | (

L/7<2L\
— /o

E: CENTER OF ROTATION —»

7
BASEPLATE

Figure U.- Cross-section drawing of an AMCD suspension station.



16

Magnetic-bearing model

- - — — - 7™

R

l K kL |

| = |

| I

x, + + ¥+ |

—.Q__.KA-—.Q?L,KB ‘ X
! | ms2
|

KRs

Figure 5.- Block diagram of simplified magnetic-bearing suspension servo.




L

dB

c’

Closed-loop gain, x/x

A1 i i ! | 1 1

1 , .2 .3 A 5 .6 .8 1

Normalized frequency, wA/Km/m

_‘Figure 6.- Frequency-response asymptotes for simplified magnetic-bearing

suspension servo with KjKg between 1.01Ky, and 2Kpj.



8l

Rim speed, rpm

303.0

277.8
252.6
227.4‘
202.2
177.0
151.8
126.6
101.4

76.2

51.0

4

.

380

760 1140 1520 1900 2280 2660 3040

Time, sec

Figure 7.- Rim speed plotted against time during spin-down.

{

3420

3800



6L

Drag loss, watts

4.6580

|

4.2424 »
3.8268 ~

3.4112

2.9956 ,

A

2.5800

"

2.1644

3

1.7488 |

e

1.3332 ]

9176 |

.5020

75.0

97.5 120.0 142,5 165.0 187.5 210.0 232.5 255.0
Rim speed, rpm

Figure 8.- Drag loss plotted against rim speed over spin-down range.

277.5

300.0



0<c

Drag loss, watts

250

225

200

175

150

100

75

50

25

125

-y

274.1

A

548.2 822.3 1096.4 1370.5 1644.6 1918.7

Rim speed, rpm

Figure 9.- Total drag loss projected to full speed.

2192.8

2466.9

2741.0



te

Rim speed, rpm

304 -

281

258

235

212

189

166

143

120

97

74

n " n A

46 69 92 115 138 161 184

Time, sec

Figure 10.- Rim speed plotted against time over spin-up range.

207

230



22

MOTOR COMMUTATION
PULSES (36/REV)

|

1/36 MIN INTERVAL
COUNTER

PRINT

COMMAND

OSCILLATOR

COUNTER

Figure 11.- Data acquisition system used in spin-up and spin-down tests.

PRINTER

{
!
(
|
¥




1. Report No. ' 2. Government Accession No. 3. Recipient’s Catalog No.

NASA TP-1142

4. Title and Subtitle ) 5. Report Date
EVALUATION OF A LABORATORY TEST MODEL ANNULAR March 1978
MOMENTUM CONTROL DEVICE 6. Performing Organization Code

7. Author(s) 7 T T I 8. PerfOrmin;Organlzation Reﬁért No.
Nelson J. Groom and David E. Terray L-11968

1 10. Work Unit No.

o Name . ' ) 506-19-13-01

9. Performing Organization Name and Address

NASA Langley Research Center
Hampton, VA 23665 11, Contract or Grant No.

L 13. Type of Report and Period Covered

12. l?{)ons_oring Agency Narr;e and Address .. A 7 Technical Paper
ational Aeronautics and Space Administration B

Washington, DC 20546 14. Sponsoring Agency Code

15. Supplementary Nc;tes

P I N

16. Abstract
A 4068 N-m-sec (3000 lb-ft-sec) laboratory test model annular momentum control
device (AMCD) is described and static and dynamic test results are presented. An
AMCD is a spinning annular rim suspended by noncontacting magnetic bearings and
powered by a noncontacting linear electromagnetic motor. Test results include
spin-motor torque characteristics and spin-motor and magnetic-bearing drag losses.
Limitations of some of the design approaches taken are also discussed.

17. Key Words {Suggested by Author(s}) w1¥8. >Distribution_Statement-
Spacecraft control actuator Unclassified - Unlimited
Momentum storage device

Magnetic suspension

Subject Category 31

19. Security Classif. (of this report] 20. Security Classif. (of this page) 21. No. of Pages | 22. Price”
22 $4.00 ]

Unclassified | Unclassified

* For sale by the National Technical Information Service, Springfield, Virginia 22161
NASA-Langley, 1978




National Aeronautics and = SPECIAL FOURTH ‘CLASS MAIL Postage and Fées Paid

Space Administration BOOK , National Aeronautics and
¢ S Admini X
Washington,- DC K ND:;ZJ'STImStratlon
20546 : S
Official Busmess !
’ Penalty for anate Use, $300 . ' ) -
s 1 1u,D, 022778 S00903DS [ ’
; DEPT OF THE AIR FORCE . ?: -
\ AF WEAPONS LABORATORY . L -
- ATTN: TECHNICAL LIBRARY (SBL) .
KIRTLAND ATB NN 87117 s
i
~ i | b .
‘ NMA . - . . o POSTMASTER: " If Undeliverable (Se;tion 158 _
i » " o - ‘ \ P(zstal Manual) Do Not Return
*\ - .- ) i .
- N



