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Abstract
A hollow-core motor was developed by the Lockheed Martin Solar and Astrophysics Laboratory for use in
two coronagraph telescopes in the Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI) instrument suite on the two spacecraft of Solar Terrestrial Relations Observatory (STEREO).
The HCM has a 48-mm aperture and rotates a polarizer on the optical axis of the telescopes. Here we
describe the development of the mechanism and testing methods as well as the results of testing and life
simulation. The HCM was proven to be robust and capable of performing in excess of its prime mission
life. In addition, we present the limitations to the design and the lessons learned for future mechanisms.
Introduction
A hollow-core motor (HCM) was developed to be incorporated into the two coronagraph telescopes in the
Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) suite of instruments on each of
the two spacecraft of the STEREO mission that will be launched in early 2006. Two coronagraph
telescopes are being developed: COR1, which will have a field
of view of 1.3 – 4 Rsun that is being developed by the Goddard
Space Flight Center, and COR2, which will have a field of view
of 2 – 15 Rsun and is being developed by the Naval Research
Laboratory. Each of the two STEREO spacecraft will carry a
COR1 and COR2 telescope. The Naval Research Laboratory
principal investigator responsible for the overall SECCHI
program is Dr. Russell Howard [5]. The Lockheed Martin Space
System Company Solar and Astrophysics Laboratory (LMSAL)
is developing two other telescopes for the SECCHI program (the
Extreme Ultraviolet Imager and the Guide Telescope) and is
responsible for the coronagraph shutter motors and HCMs [8].
Solar coronagrahs like COR1 and COR2 are designed to
observe the faint corona that is normally only visible to the
Polarizer
naked eye during a solar eclipse [2]. Coronagraphs accomplish
in HCM
this by blocking the view of the visible solar disk in order to
observe the faint extended corona whose intensity is several
orders of magnitude less bright than the solar disk. The light
from the corona originates in the photosphere and is Thompson
scattered into the field of view of the coronagraph telescopes.
As a result, the detected light is significantly polarized. By taking
advantage of this polarization, the true coronal emission can be
Figure 1. Location of the SECCHI
isolated from background and instrumental sources. The HCM is
HCM in the COR1 Telescope
placed on the optical axis of the coronagraph (Fig. 1) and
contains a linear polarizer. During observations, the HCM will
rotate the polarizer so images may be acquired in multiple polarization states.
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The STEREO mission has a prime observing period of two years. During this time, each coronagraph
telescope will require 600,000 motions of the HCM. The typical demands of spaceflight instrumentation
required the HCM design to be lightweight, low power, and relatively low cost. Because of its function
within the optical path of the telescope, it is required to have rigorous mechanical tolerances, highly
repeatable motion, and to be extremely clean, as particulates can be a significant source of stray light
scatter in a coronagraph.
The HCM was designed, built and tested by collaboration of LMSAL with H. Magnetics [1]. Here we
describe the development and testing of proto-qualification mechanism that was built to flight
specifications and subjected to full lifetime simulation that included vibration, thermal cycling, operation
under vacuum, and a full battery of pre- and post-life functional testing. Specifically, we discuss a method
developed to characterize the repeatability of the HCM. This test verified that the mechanism performs
within specifications over its projected life but also revealed the limitation our particular design.
Finally, we present the results of testing of the four flight mechanisms that have been delivered to the
coronagraph teams and the impact of our development effort on designs for similar motors on the
upcoming Helioseismic Magnetic Imager (HMI) on the Solar Dynamics Observatory (SDO).
Hollow-Core Motor Requirements and Design
The SECCHI HCM is shown in Figure 2. It is derived from a similar thin-section motor, the Michelson
Tuning Motor (MTM), that is presently being used in the Michaelson Doppler Imager (MDI) on the Solar
and Heliospheric Observatory [1]. Three of these mechanisms have performed more than 70 million
operations during a continuing mission of more than eight years. Modified versions of the MDI MTMs are
also being successfully used in the guide telescope on the Transition Region and Coronal Explorer which
has been in orbit for more than 5 years.
The HCM has an overall fairly simple design. A 48-mm-diameter aperture is surrounded by a thin-section
bearing and a brushless DC motor. The motor consists of a three-phase, wye winding on a 72-pole iron
stator paired with a 48-magnet rotor. This design results in 144 discrete detents with a static detent torque
of approximately 64 mN•m. A space industry standard Timken thin-section bearing with Teflon toroid
separators was selected for this design. The bearing was deemed a low-risk choice because of its long
heritage in space-based applications and successful use in previous LMSAL mechanisms. In addition, the
mechanism’s modest life requirement could easily be accommodated with this type of bearing. Two
bearings were used in a back-to-back hard pre-loaded condition to approximately 100 N.

Figures 2a & 2b. SECCHI Hollow-Core Motor
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The mechanism has a three-channel, 144 counts-per-revolution optical encoder that is nominally aligned
to the detents of the motor. The encoder is robust in design and provides a simple signal to a Field
Programmable Gate Array (FPGA) based control system that commutates the motor and increments the
position count on the edges of the signal waveform. The encoder is designed such that all three signals
are driven by the same track on the mechanism code disk, that produce a unique signal every six counts.
This arrangement provides constant feedback to the control FPGA about the rotor’s position with respect
to the motor’s six electrical cycles to facilitate correct commutation of the motor without a need to find the
mechanism home, or zero, position. A small slot in the code disk provides a once-around unique signal
for this zero position.
Table 1. HCM Design & Performance
Requirements
Minimum Aperture
Operating Temperatures
Survival Temperatures
Total Torque Margin
Position Repeatability
Time for 180° Move
Required Life

48 mm
0 – 40°C
-20 – 55°C
100%
30 arcseconds 1-σ
< 1 second
600,000

Table 2. Hollow-Core Motor Design
Phases
Stator Teeth
Total Detents
Step Size
Coil Resistance
Nominal Drive Voltage
Motor Constant
Static Detent Torque

Three-Phase Wye Winding
72
144
2.5°
~ 128 ohm
15 V
110 mN•m / sqrt(W)
~ 64 mN•m

In normal operation (shown schematically in Figure 3),
where the HCM rotates the polarizing optic to a specific
position from many steps away, the motor is
commutated on the edges of the encoder signal with no
speed control. Rotor braking is passive and is
accomplished by shorting together the three phases of
the motor winding. The resulting dynamic braking plus
bearing friction and detent torque allow the rotor to coast
to a stop, typically in a detent. Because the encoder has
a resolution only sufficient to commutate the motor,
there is neither closed-loop control on stopping position
nor reporting of position to greater than 2.5° of
accuracy. Thus, the finite stopping distance must be
taken into account when driving the mechanism.
The solution developed for mechanisms at LMSAL, and
used in the HCM, is to continue commutating the motor
for a short time after the target encoder transition is
reached. This extra commutation time, or “delay” pushes
the mechanism reliably into the detent past the defined
encoder transition and allows the HCM to
be tuned so that it occurs reliably for the
unique detent positions. The delay setting
is an 8-bit, on-orbit settable parameter
with 64µs units. The total range of
settings from 0 to 255 provides a time
range of 16.32 ms. At the HCM nominal
spin speed of about 5.5 rad/s (315 deg/s),
this range allows for adjustability over
about 5 degrees, or two detents. In a
normal move, the undriven portion of a
movement is a fraction of a step, typically
between 1° and 2°. The design not only
provides a level of robustness for on-orbit
operations, but also provides a flexible
option for testing the mechanism. Figure
3 illustrates the operational concept of the
HCM when moving to the “1” target
detent.

Figure 3. HCM Operational Concept
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HCM Functional Testing
Functional testing of the HCM emphasized the characteristics and performance of the mechanism as a
whole, rather than the properties of individual components such as the bearing or encoder electronic
parts. All testing was completed with the mechanism fully assembled and yielded bulk measurements of
the mechanism properties and direct information about how the mechanism would operate on-orbit.
Specific tests were used to verify the HCM’s two key requirements of 100% torque margin and
repeatability-to-position of less than 30 arcseconds standard deviation. The total torque margin
requirement specified that the motor be capable of operating normally given a 100% increase in total
friction. The repeatability requirement specified that the distribution of the stopping position of the rotor
must have a standard deviation of less than 30 arcseconds.
A special metric was devised to test the total HCM torque margin. The motor drive voltage was increased
incrementally from a small value – typically 4V – as the motor was commanded to move from each of its
144 positions. The minimum voltage, and thus the minimum current for the stalled motor, at which the
motor was able commutate normally from all positions was recorded as the mechanism minimum start-up
voltage. Minimum start-up voltages less than 7.5V indicated a torque margin of greater than 100%.
This test reflected the typical operational mode of the mechanism and provided an aggregate measure of
bearing performance. It was extremely effective in mapping the effect of bearing life on torque margin
during both the functional testing and the vacuum operation portion of the qualification series. Changes in
the measurement over the lifetime of the mechanism could then be attributed to changing bearing breakaway torque and low-speed friction. Testing the motor with decreased drive voltages not only verified that
the mechanism could operate with decreased spacecraft bus voltage, but was also used as an analog for
increased bearing friction.
Early in the functional testing of the HCM, it was obvious that the repeatability requirement of 30
arcseconds standard deviation (also denoted as 1-σ) could not be efficiently verified with our current
measurement methods. In the case of MDI’s Michelson Tuning Motors, a theodolite was employed to spot
check the motor’s stopping position for a few motor detents. This method was extremely time consuming
and was not easily adapted to statistical analysis of the repeatability of all the HCM motor positions. In
addition, it was also necessary to test the mechanism at a large number of potential delay settings to
select the one that would result in its most robust and repeatable operation. A total of more than 50,000
measurements were required to verify the mechanism repeatability and effectively tune its performance.
The solution was to attach a small but highly accurate
external encoder (Figure 4) to the HCM and perform
an automated test sequence that rotated the
mechanism to all of the motor targets many times at a
range of delay settings. An optical incremental
encoder
manufactured
by
Gurley
Precision
Instruments was chosen because its inertia and friction
were small and it was accurate enough to obtain data
with arcsecond resolution. The external encoder was
attached to a shaft mounted in an aluminum puck
designed to simulate the mass and inertia of the
polarizing optic. The motor was commanded to make
moves to each position a statistically relevant number
of times (typically 40). This was done for 8 to 10 delay
settings.

Figure 4. External Encoder Configuration

Manual spot checks of the accuracy of the external
encoder system with a theodolite showed good
agreement between the two measurements and

18

confirmed the accuracy and reliability of automated testing method.
It was immediately observed that the total angular distance of the move greatly impacted the
repeatability-to-position of the mechanism. Short moves of less than 30° (12 steps) showed poor
repeatability with standard deviations above 10 arcminutes. As the move distance increased, the
repeatability was improved. Move distances of 60° showed standard deviations of less than 60
arcseconds and move distances of greater than 90° were repeatable to less than 20 arcseconds. It was
also observed that the repeatability of each of the mechanism’s 144 target detents was different for a
given delay setting. As a corollary, the best repeatability of each target detent occurred at different delay
setting.
As a result, the repeatability requirement on the HCM was refined to reflect the nominal operational
modes of the HCM. The nominal move distance and direction of 120° clockwise (CW) that will be used on
orbit was defined as a baseline movement for all repeatability testing.
Figure 5 is a histogram of the stopping position of the HCM
rotor when driven 120° to target position no. 10, 200 times at
a delay setting of 80. The distribution has a single standard
deviation (1-σ) of 20 arcseconds where the average stopping
position has been normalized to zero. This measurement
was made early in the life of the mechanism. Similar
measurements showed that each of the 144 target positions
had unique distributions and that they would change over
time and with modifications to the delay setting.
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Figure 6 shows the results of an automated test sequence.
Each of the points recorded on the plot represent the
standard deviation of the stopping position for each of the
144 motor detents after a 120° rotation. The aggregate delay
for each delay setting has been superimposed on the plot
and is represented by the gray solid line. The minimum point
of
this
aggregate
measure shows that a
delay setting of 80 and
a repeatability of 13
arcseconds are the
nominal
mechanism
delay
and
the
mechanism
repeatability at this
delay.

0

The encoder system
proved instrumental in
Delay Setting
developing a better
understanding of the
Figure 6. Results of an Automated External Encoder Run Used for Delay
dynamics of the motor,
Setting Selection and Repeatability Specification Verification
especially
in
its
stopping behavior and
how the delay setting controls the final position. With a delay setting of zero, the inertia of the rotor is not
enough to carry the motor over to the next detent, so it returns to the detent before the target position.
With the maximum delay setting of 255, the delay time provides sufficient commutation time to drive the
motor through the target detent and into the next detent. There are unstable delay settings that can result
in the motor sliding forwards to the next detent, backwards to the previous detent, or even coming to rest
at the top of the detent potential between steps. The extremes of the automated run results shown in
Figure 6, where the aggregate repeatability is poor enough not to be shown on the scale, are the result of
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this instability. As can be seen, some of the detent positions are very repeatable, but the aggregate
repeatability is dominated by those target detents that are not.
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Figure 7. Stopping Positions for 120° Rotations to Six HCM
Target Detents While Varying Delay Setting
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The position of this unstable
transition region varies slightly
between positions, as shown in
Figure 8, but there is a wide range
of stable delay values common to
all motor positions. The most
repeatable
movements
occur
approximately at the middle of the
stable delay range. The high delay
settings that cause consistent
overshooting of the target position
are also stable, but are much less
repeatable. In this case, of course,
the
mechanism
also
stops
approximately
2.5°
from
its
intended position.
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Figure 8. Annotated Plot of Stopping Positions for 120° Rotations to Target Detent 10. Delay
Setting Varied by 2 from 0 to 254.

Mechanism Qualification Testing
The SECCHI HCM was qualified and its performance characterized through lifetime simulation testing a
single mechanism. This life-test consisted of construction and testing of the mechanism to flight
specifications, vibration testing, thermal functional testing at ambient pressure to the mechanism’s
operating temperature extremes, operation in vacuum to four times the estimated mission life, post-test
functional testing, and disassembly and inspection. Figure 9 shows the sequence and requirements for a
single sequence.
Assembly / Break-in /
Functional Testing

Vibration – GEVS
2x Duration

Thermal Cycling
-10° to 50°C

Vacuum Operation
> 2 Million Operations

Figure 9. HCM Qualification Basic Sequence
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Functional Testing /
Disassembly

Two life-test sequences, both discussed here, were required to qualify the mechanism. During the first
sequence, contamination in the motor bearing resulted in a stall in the vacuum operation portion of the
test. In the second sequence, the mechanism performed well throughout the test.
HCM Thermal Functional Testing
After a standard vibration test sequence, a thermal functional test was completed to characterize the
performance of the mechanism over the extremes of its operating temperatures. Although the nominal
predicted temperature range for the HCM is 20 to 30°C, the mechanism was operated over five
temperature cycles from –10 to 50°C while performing movements similar to those expected on-orbit.
Periodic automated functional tests that measured the motor friction and steady state spin-speed
provided information on the changes in the mechanism at different temperatures.
Damping (oz-in / Rad / S)

Spin Speed (Rad / S)
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Figure 10. Mechanism Speed Dependent Friction and
Nominal Voltage Spin Speed with Temperature
Figure 10 shows the change in mechanism aggregate friction over the temperature range. In the figure,
the components of friction have not been separated and consist of changes in motor hysteresis as well as
changes in the friction properties of the bearing. The results from the thermal functional test confirmed the
expected correlation between motor friction and temperature. The HCM performance with variations in
temperature is typical of the performance of Braycote grease lubricated bearings [4]. The decreased
friction at lower temperatures – with the attendant increase in running speed – is typical to grease
lubricants and indicates that there is a thinner layer of lubricant bearing since the bearing has forced
away the higher viscosity Teflon binder. Understanding this effect is critical to designing a tuning scheme
if lower than anticipated temperatures are encountered during on orbit operations.
The external encoder system was used during the thermal functional test to characterize temperature
induced change in the repeatability of the mechanism and to provide guideline information for tuning the
25
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mechanism delay setting for best operation given the actual on-orbit operating temperature of the
mechanism. This testing was limited to temperatures above 0°C because of limitations on the operation of
the external encoder.
As assumed in the design of the mechanism, changes in bearing friction – and the corresponding loss of
repeatability – could be mitigated by modifying the mechanism delay setting. At higher temperatures
where total friction is less, the delay setting can be decreased to maintain acceptable repeatability.
Increasing the delay setting compensates for higher than nominal friction. Figures 11a and 11b illustrates
the correspondence between the delay setting at best repeatability and temperature for the HCM.
Modifying the delay setting –1.75 units (112 µsec) per degree Celsius for temperatures changes from the
nominal mechanism test temperature of 20°C provided roughly the best mechanism repeatability
performance. The minimum and maximum acceptable delay settings bracket the range of delay settings
where the aggregate repeatability of the mechanism meets the 30 arcsecond requirement.
HCM Lifetime Vacuum Operation
The key component of the HCM qualification effort was a four-times life operation sequence while under
vacuum and at elevated temperature. As in the thermal functional test portion of the effort, the
mechanism performed a series of operations similar to those expected on-orbit with periodic automated
functional tests to asses the health of the mechanism and trend changes in mechanism performance. The
mechanism lifetime simulation was performed at the upper limit of the mechanism operating temperature
of 40°C in order to provide the greatest stress to the bearing grease lubricant. The external encoder
system was not employed during this section of the qualification effort due to the complexity of adapting
the system for use in vacuum.
In the first life-test effort, the proto-qualification HCM was placed in the vacuum chamber after
approximately 850,000 break-in and other testing operations had been completed. The mechanism
performed as expected while under vacuum and the friction-with-time profile was as expected for a
Braycote 600 lubricated bearing with Teflon toroids. However, after 1.8 million operations under vacuum
(or about 2.6 million total operations), the mechanism stalled during a standard move sequence. To that
point, the mechanism had shown no adverse signs of wear or incipient failure.
An anomaly investigation was initiated to isolate the cause of the stall prior to breaking vacuum. The lifetest support equipment was tested and checked. An attempt was made to command the motor to move in
the same direction the motor had been moving during the test. The motor did not move and drew full stall
current. Next, the motor was commanded to run in the opposite direction. The motor stuttered at first, and
then began to operate normally. Figure 12 is the mechanism drive current trace during the stall recovery.
Evidence such as this indicated possible particle contamination.
Encoder Signal A

Stalled HCM Initial Start-up
Transient
(Move Direction Opposite to
the Move Direction at the
Time of Stall)

HCM Current Draw
(Nominal SteadyState Current is
108 mA)
Encoder Signal B
Encoder Signal C

Figure 12. Current and Encoder Trace of Failure Recovery
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The motor subsequently passed its standard functional test, in both clockwise and counterclockwise
directions, with no anomalies in its operation. Although this stall failure was recovered through software
operations that could be accomplished on orbit, the test sequence was discontinued and the motor
removed from the life-test chamber for disassembly and inspection.
Inspection of the bearings showed that the lubricant was in good condition. However, several small
metallic particles (as in Figure 13) were found in one of the two bearings in the assembly. Chemical
analysis revealed that the particles were 6061 series aluminum with traces of chromate from irridite.
Chemical analysis also revealed that the bearing lubricant was not otherwise contaminated by the
stainless steel used in both the balls and races of the bearing. This suggested that there had been little
significant wear to the bearing races or balls.

Figure 13a & 13b. Proto-Qualification HCM Contamination: Locking Feature on Mechanism
Screw (left) and an Aluminum and Chromate Particle Removed from the Bearing (right)
The housing design of the life-test motor was examined to determine the source of the particles that were
found in the bearing and lubricant. It was concluded that the probable source was the irridited, threaded
holes in the motor’s aluminum housing, close to the contaminated bearing. Inspection of these fasteners
(in place in Figure 13A) revealed that the screws’ locking features damaged the threads in the housing
and pushed the resulting debris into the motor’s rotor cavity. The previous vibration testing and other
handling brought the particles into contact with the bearing where they could be captured by the lubricant.
With time, the particles caused the stall when one or more particles became lodged between the balls
and the races. When the motor was commanded to move in the opposite direction, the particles were
moved out of the way or crushed (explaining the observed “stuttering” behavior), and the motor began to
operate as before.
Table 3. HCM Life-Test Second Sequence
Operation
Break-in CW Spin
Pre-Lifetest Functional Testing
Vibration Test
Thermal Functional Testing
Software Verification
Vacuum Operation
Post-Lifetest Functional Testing
Additional Repeatability Testing

Sequence 2 Ops
56,200
138,180
138,180
704,340
727,570
3,573,250
3,691,832
4,276,882

The key corrective action for this anomaly was to add
an intermediate cleaning step to the HCM assembly
procedure that removes the free particles that were
generated during assembly.

The HCM was re-built to flight specifications with an
identical bearing and second life-test series was
initiated immediately. The motor was broken-in and
received the full battery of functional testing. A
vibration test and thermal functional test, identical to
the first sequence, were performed and the
mechanism was placed into vacuum cycling. Table 3 shows number of operations at steps during the
second lifetime simulation sequence.
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While under vacuum, the mechanism performed as expected for 2.8 million operations – slightly more
than five times the expected life. As shown in Figure 14, the free-run speed profile of the HCM in the
second series was similar to that of the first series and the minimum start-up voltage for the mechanism
remained under the goal of 7.5 V for the duration of the vacuum run. The 1 Volt, or 21%, increase in the
minimum start-up voltage indicated a decrease in torque margin from 160% to about 115%.
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Figure 14a & 14b. HCM Qualification Testing Results –
Steady State Spin Speed and Minimum Start-up Voltage
Upon completion of the vacuum portion of the second qualification series, the HCM was subjected to
functional testing for comparison to the baseline parameters. Both pre- and post-life-test functional testing
was performed at 19 to 21°C.
In most parameters, as shown in Table 4, the post-life measurements compared well with the early life
measurements. However, the aggregate repeatability of the mechanism decreased by more than 200%.
The final value of 38 arcseconds fell slightly outside of the requirement that the mechanism repeatabilityto-position be less than 30 arcseconds. The free run speed also decreased over the lifetime from a value
of 5.47 rad/sec to 4.65 rad/sec for a total change of 15%.
Subsequent repeatability testing with the external encoder system eliminated measurement error as a
possible source of the discrepancy but also showed a drastic decline in the repeatability of the
mechanism from test-to-test
over
the
next
600,000
Table 4. HCM Life Test Results
operations. A decrease in
free-run speed was also noted
Pre-LT
Post-LT
Change
Parameter (Bench Test ~20°C)
during
this
period,
Detent Torque + Start-up Friction (mN•m)
67.1
77.7
15.8%
accompanied by an increase
Speed Dependent Friction (mN•m / rad/sec)
10.0
17.2
71.8%
in the variability of the spinDrag (mN•m)
35.5
35.2
1.0%
speed
over
multiple
revolutions.
Nominal Average Spin Current (mA)
106.2
106.6
0.4%
Minimum Spin Voltage (V)

45.9

53.0

15.4%

Minimum Full Motor Start-up Voltage (V)

52.3

55.8

6.8%

The HCM was disassembled
and inspected. No damage to
Nominal Delay Setting
80
100
25.0%
the motor or the bearing balls
and races was observed, nor
Repeatability at Nominal Delay Setting
12
38
216.7%
(arcseconds, 1- σ)
was extensive wear to the
Teflon toroid ball separators.
The Braycote grease lubricant showed slight wear characterized by small patches of viscous and slightly
darkened material pushed away from the bearing races. No particle contamination like that seen in the
previous HCM failure was found in the lubricant.
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The mechanism was reassembled with
a new set of bearings and subjected to
break-in sequences and functional
testing identical to the previous two
qualification series. The mechanism
performed as expected in all measured
parameters and showed an aggregate
repeatability of 13 arcseconds single
standard deviation and was tuned for
best performance at a delay setting of
100.

Table 5. Post-Life-Test Additional Repeatability Testing

134,360
3,683,930
3,760,952
3,854,396
3,951,228
4,057,168
4,276,882

Spin Speed
(Rad / sec)
5.47
4.65
4.34
3.71
3.64
3.77
3.02

0.05
0.12
0.13
0.14
0.14
0.16
0.17

1x Lifetime
.8M test,
.6M on-orbit

Repeatability
(arcseconds, 1-sigma)

Repeatability
(arcsec 1- σ)
12
38
62
80
140
160
250

Spin σ

Delay
Setting
80
100
120
150
150
160
160

2x Lifetime
.8M test,
1.2M on-orbit

120
100
80
60
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Figure 15a & 15b. Lifetime Repeatability Measurements (with Requirements)
and Mechanism Speed
Flight Mechanism Acceptance Testing
Four HCMs were constructed and tested for flight at LMSAL. The testing of these mechanisms provided
more information about the characteristics of the design and the relationship between each of the
properties. The key early-life testing results for these mechanisms are presented in Table 5. As expected,
the results for the flight mechanisms were quite similar to those for the HCM development testing. The
HCMs with higher friction had lower steady-state spin speeds and higher minimum start-up voltages and
required required greater delay settings for optimum repeatability. All all of the mechanisms exceeded the
repeatabililty and torque margin requirements for the mechanism.
Table 5. Flight Mechanism Pre-Shipment Testing Results
Parameter
Minimum Spin Voltage
Minimum
Full-Motor
Start-up
Voltage (V)
Damping (mN•m / rad/sec)
Drag (mN•m)
Spin Current (mA)
Nominal Free-Run Speed (rad / sec)
Nominal Delay Setting (20°C)
Aggregate Repeatability at Nominal
Delay Setting
Total Ops Prior to Shipment

L20-FM
5.9

L30-FM
6.3

L40-FM
5.5

L50-FM
5.5

7.2

7.5

7.4

7.3

10.5
20.1
97
6.8
30

18.9
23.2
103
4.0
130

14.3
2.8
92
6.0
50

14.1
18.5
92
5.6
90

19

14

17

15

254,000

281,000

284,000

324,000
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Discussion
The HCM qualification testing verified that the mechanism is robust in design and construction and has
sufficient torque margin, on-orbit adjustability, and lifetime margin to complete its two-year nominal
mission. However, the degradation of the repeatability performance over the mechanism’s lifetime was
shown to be a limitation of our design. A full explanation of the HCM performance and limitations to
performance would require analysis and testing that are beyond the scope of this development program.
However, several general observed phenomena may explain the performance of the HCM throughout its
development and testing.
The decrease in the repeatability of the HCM over its life can be traced to selection of Braycote 600 EF
grease as a lubricant. While this decision was conservative, based its heritage and compatibility with the
designs of the COR1 and COR2 telescopes, typical small changes in its properties over life greatly
affected the performance of the HCM design. It was expected that increases or decreases in bearing
friction could be counteracted by increasing or decreasing the HCM delay setting. However, it was not the
total change in bearing friction, but variation of bearing friction at low speeds and small angular distances
that decreased the mechanism repeatability over the course of its life. It has been demonstrated that
bearing torque noise increases as the grease lubricant begins to deteriorate. This effect is especially
strong at low speeds where slight torque variations affect the rotation speed relatively more [3].
The effect of increasing torque noise is strongly linked to the repeatability of the mechanism. After
cessation of commutation, the rotor coasts, with moderate braking, to a stop in a detent. Changes in the
friction torque over the 2° braking phase prior to stop that cause 1% change in average rotor speed could
affect the final stopping position of the rotor by as much as 70 arcseconds. Since it appears that the noise
is random, and based in certain locations in the bearing, the torque noise is different for each movement
to a particular location and causes the rotor to stop in an ever-widening range of positions.
Slight wear in greases do not typically affect the average running torque of the bearing at high speeds.
However, variation in the average steady-state spin speed of the HCM, typically about 5 rad/s (280 °/s),
showed some effects of torque noise. Sampling the revolution time of the mechanism over several
thousand revolutions at the mechanism end-of-life showed that the speed varied as much as 10%
between consecutive rotations and typically varied about 5%. This compares to beginning-of-life spin
speeds that were typically 1% different from rotation to rotation.
The total speed dependent bearing friction increased a total of 71% during the approximately 3.4 million
testing and lifetime simulation operations, manifesting itself in an approximately 20% decrease in spin
speed. Because this data was derived from measures of the spin speed over a revolution, the increase is
likely due to increasing torque noise.
It is unknown what effect temperature will have on repeatability at the end of the HCM life. A decrease in
repeatability was seen with increasing temperature during the thermal functional test performed early in
the life of the mechanism. It is likely that this trend will be exacerbated with mechanism life due to the
greater stress to the grease lubricant.
The drastic decline seen over the last 600,000 operations of the HCM test sequence (shown in Figure
15a) is not easily explained. Catastrophic degradation of performance of mechanisms with Teflon toroid
separated bearings lubricated with Braycote greases was seen previously in several LMSAL mechanisms
constructed for NASA’s Solar B Focal Plane Package. These mechanisms, however, operated at
constant velocity in a single direction, instead of intermittently as in the SECCHI HCM. Their failure was
characterized by a sharp increase in bearing friction at approximately 20 million revolutions and was
caused by significant wear to the Teflon separators. While this failure mode is quite different than seen in
the HCM, there is evidence that torque noise also increased in Solar B motors prior to their failure.
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Conclusions and Next Steps
The design of the HCM was validated through our qualification testing. The effort also provided valuable
information about optimizing the flight mechanisms while on-orbit and how to improve future designs for
similar motors.
Several operations rules are recommended based on the results of the testing sequence. First, because it
was shown that the HCM is most repeatable when the move angle was 90° or greater, key moves of the
HCM during observations will be at least this large with a nominal observing rotation of 120°. Rotations
that are smaller than 30° will be preceded by a full revolution. Second, while it is intended that little or no
adjustment in the HCM delay settings be required during the SECCHI prime mission. Increases in the
flight mechanism delay settings may be required in extreme cases to offset increasing friction in order to
maintain high repeatability. Evidence in the coronagraph images will be exploited to indicate changing
repeatability in the mechanism. Finally, adjustments to the delay setting may also be required should the
instrument temperature be lower or higher than the nominal projected temperature. While the mechanism
itself cannot provide sufficient feedback to make these adjustments, the temperature feedback available
while on orbit will be used to re-tune the mechanism during the mission.
The lessons learned in this study provided valuable design information for the development of a similar
hollow-core motor for the Helioseismic Magnetic Imager (HMI) on the Solar Dynamics Observatory (SDO)
(Scherrer 2002). The HMI HCM is to have a minimum aperture of 35.6 mm and will be expected to
perform more than 80 million operations during a five-year nominal mission with the same repeatability as
the SECCHI HCM. The design relies on the use of a smaller bearing with a one-piece, phenolic retainer,
instead of the Teflon toroid separated bearing used in the SECCHI HCM. Nye 2001B oil will be used as a
lubricant. With the additional design difference of much lower cogging torque than the SECCHI HCM, this
arrangement is anticipated to produce much less variability in the bearing friction – and less torque noise
– during the lifetime of the mechanism. This will allow for high lifetime repeatability performance. A control
system identical to that used for SECCHI will be used for HMI. The smaller cogging torque will allow for
much simpler correlation between delay setting and motor stopping position and less variability in the
bearing friction will ensure that the stopping position is as repeatable as possible.
The challenges in this design will be characterizing the motor friction through a comprehensive lifetime
testing and careful correlation of friction data to delay settings for on-orbit tuning. The variation in the
bearing friction will be measured during low speed operation and an attempt will be made to measure the
mechanism repeatability continuously during the course of the vacuum lifetime operation.
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