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PREFACE

This report presents the 9433 Despin Contro l anoma ly
V investigations, and the resulting conclusions and recom-

mendations . The 9433 space craft is still in operation and
orbita l data is being received and reviewed on a continui ng
basis. For this reason, these results and conclusions
should be viewed as provisiona l, inasmuch as new data
(after 16 January 19?6) could provide fresh insight into

‘ 

the space craft ’s status . It should be noted tha t the
character of orbital behavior in the past months has been
highly var iable; th.refore , no attenrpt is made to predict

V its future behavior. Measures taken to maintain opera-
tiona l s tatus of 9433 have thus far  been highly successful.
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1. INTRODUCTION 
V

This report presents results of the 9433 despin control anomaly investi -
gation and summarizes pertinent data available from other activities reported,
or to be reported, elsewhere (for examp le, the DMA life test anomaly evalua-
tion). in addition , general recommendations for remedial action are presented ;

the detailed definition of these actions are still under study and w il l be

reported when complete . The primary focus of this document is assessment of
the 9433 anomaly.

When confronted with multiple anomalies (the short-term pointing pertur-
bations seen in several spacecraft, the high friction torques of 9433, and
the lead deposits found in the life test DMA), it is natural to conjecture

a relationship between these events; indeed , the possibility of such connec-

tions must be pursued to the extent permitted by the ava i lable data .
However , it is essential that a strict account be kept of which conclusions
are factual and which are conjectural .

It is characteristic of the DSCS-II orbital anomalies that almost all
conclusions drawn will be somewhat less than conclusive. A lack of absolute
certainty in assessing the 9433 orbital anoma ly is of practical concern only
if the dec i s ions made in response are affected. In thi s case , due to V

design changes already made within the replenishment DMA, the redesign -

action recommended can safely focus upon the most probable cause of the
anomaly.

During the course of the anomaly investigation , a variety of activities
have been pursued (see matrix of Figure 1-1). Al though some of these tasks
have not shed light on the anomaly itself , all have contributed to a better
understanding of the despin control system, the DMA and DEA, and the various
components of the DMA. Moreover, a number of the process studies and tests
completed and in progress are providin g important insight into the more
subtle aspects of bearing processing and lubrication . 

V

The next part of this introductory section presents a summary evaluation V

of the 9433 anomaly. Remaining introductory subsections provide brief
descriptions of the despin control system, the despin mechanical assembly
(DMA), and the despin electronics assembly (DEA).
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1.1 Summary Evaluation of 9433 Anomaly

1.1.1 Anomaly Characterizotion
V The 9433 orbital anomaly is c aracterized by an e1evated constant

~1 running friction (~lO0 in-oz ) across the rotor-platform rotating interface ,
accompanied by occasional torque transients . The highest level of running
friction observed to date is 575 in-oz , with smaller perturbations
(25-50 in-oz) more common. The average friction torque and the amplitude
of the torque perturbations appear to be correlated wi th spacecraft ambient
temperatures; however, this correlation has not been concl usively and
quantitatively established.

By contras t, the anomalies observed in previous DSCS-II satellites

V 
(and at early stages of 9433 operation) showed no increase in the average
running friction . These anomalies , occasional attitude perturbations in

V the 0.2-0.4 degree range, were consistent wi th small torque transients
(e.g., 5 in-oz) and have general ly been attributed to the “retainer whirl ”
phenomenon observed in the laboratory and in other synchronous dual-spin
satellites . 

—

V

In the case of 9433, small transient perturbations were observed to
occur shortly after launch and on other occasions during the fi rst 18 months

of operation . The growth of average running torque , as evidenced by a rise - V

in the “torque voltage ” telemetry data , was first observed in July 1975; V

during August and September, this growth became pronounced , leading to

loss of operational status on 13 September 1975.

Operational status was re-established in October, wi th occasional

partial spin-ups due to extreme torque transients . Tnroughout this period ,
the average running torque has persisted at a level in the neighborhood of

V 100 in-oz ; however, occasional periods of near-normal friction (30-40 in-oz)
have been observed s ince late November.

- 
V Duri ng operational periods , the running friction has been estimated

• 
- from the torque voltage telemetry, an indirect measurement. This indirect V

- 
V estimate has been corroborated by direct dynamic measurements taken duri ng
- non—operational periods (partial spin-ups , total spin-ups , friction tests),

• thus verifying a high level of mechanical friction , rather than an
V electronic (DEA) anomaly.

- 1-3
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1.1.2 Cause of Anomalous Performance

In order to assess the cause of the observed increase in running

friction , a variety of test, analys i s , and simulation activities were

initiated ; in addition , a number of recognized bear i ng and lubri ca tion
experts were consulted .

The conclusions reached by these activities ar’~

• The anomaly is due to a mechanical effect rather than an
electronic failure in the DEA

• No possible source of friction torque external to the DMA
V appears consistent wi th the observed orbital data

• The most likely failure mechanism is a bearing degradation
due to poor lubrication (e.g., inadequate lubricant supply
or deterioration of lubrication quality )

• The lubrication supply system is the least understood and
weakest aspect of the DMA design .

V The last two concl usions are supported by the majority of the consultants ,

V and are given further credibility by evidence of lubricant degradation
within the four-year life-tes t DMA .*

Other possible , but less likely, fai lure mechani sms have not been
ruled out. Mos t prominent among these i s poss ibl e mechan ical interference
(“ rubbing ”) at the power module snubber. This could occur only wi th an
extreme buildup of mechanical tolerances , accompanied by thermally-induced
material creep. Disassembly of the life test and fl i ght spare DMA ’s has
not supported this theory; nor have the time-history of orbital data and

the results of laboratory tests.

Other potential friction sources include : the slip ring assembly
bearings ; delami nation of the motor or the resolvers ; mechanical inter-
ference at the l abyrinth seal of the DMA; rotation of the inner race of

the top ma i n bear i ng on its journal ; and, a fracture of the motor ’s
hypernik ring . Again , the orbital data , analyses , and tests conducted
do not support these candidates .

In summary, a main bearing degradation due to inadequate l ubrication
is the most likely explanation of the 9433 anomaly , both for the rise in

* It should be noted that the life test DMA, despite the evidence of l ubricant
degradation , did not exhibit the anomalous performance seen on 9433 after
only 19 months In orbit.

1-4
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running friction and the torque perturbations observed. However, this
conclusion must be viewed as a probability rather than a certainty. Such
a bearing degradation coul d lead to a var iety of add i t ional mechani ca l
problems and symptoms (e.g., debris due to bearing wear, retainer rubbi ng
and jamming), resulting in the observed errati c behavior.

1.2 Despi n Controller Descr ipti on

The platform despin controller is a sampled-data servo which controls
the speed and orientation of the platform relative to the l ocal vertical.
Its functional block diagram is shown in Figure 1-2.

The magnetic pipper which generates the platform reference pulse
is aligned with the earth-coverage horns and indicates the earth-pointing
reference of the platform. In the rate mode , the p latform reference pulse
is compared to clock pulses to form the error signal that is applied to
the despin motor.

Search mode is entered by ground command , and the clock pulses are
rep laced by reference pulses formed at the center of the earth image s ignal .
The up/down counter increases between the earth centroid pulse and the next
p latform pulse , i s held steady until the next earth centro id pulse , and is
counted down to the subsequent platform pulse. This leaves a measure
of earth-referenced platform rate which is compared to a 0.5°/sec command
search rate to form the error signal that is applied to the motor driver.

V The search rate , rotating the platform opposite to rotor spin , eventually
brings p latform and earth centro id pul ses i nto co inc idence , automati cally
sw itch ing the control to normal mode .

Normal mode pointing errors are der i ved in the up/down counter
beginning at the leading edge of the earth-image signal . The count
decreases from that time until the instant the p latform reference pulse i s
rece i ved, after which it is increased until terminated by the earth-image
signal trialing edge. The residual count is proportional to the pointing
error , indicating that the reference pulse is not centered in the earth ’s
apparent chord . Lead-lag and integral compensation is achieved by analog
circuity after A/D conversion of the residual count. The integrator is
used in the Rate and Search modes as well as in Normal mode.

1.2.1 Despin Mechanical Assembly

The despin mechanical assembly (DMA) is the mechanical and electrical

l ink between the spinning and despun section of the spacecraft. It supports

1—5
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the despun platform and provides the necessary torque to despin the platform.
It provides the electrical power and signal paths between the platform and
the spinning rotor. The design of the despin mechanical assembly Is strongly
influenced by launch-load environments and the l ong-life requirements in
vacuum.

The unit consists of two principal subassemblies , a dr ive su bassembl y
and a sl ip ring subassembly (Figure 1-3). The dri ve subassembly includes V
the main housing , the spinning shaft, a motor with redundant w ind i ngs,
redundant magnetic pickups that generate once—per-revolution platform

reference and i nterference w i ndow pulses , lubr i cant reservoirs , tempera ture
sensors , al ignment mi rrors , and appropriate electri cal leads and electrical
connectors. The slip ring subassembly contains the required power and
signal r ings, brush blocks , brushes , lubr icant reservoirs , cover enclosures ,
and the electrical leads and connectors . The slip rings are completely
redundant and in addition contain redundant brushes for every slip ri ng .

The DMA motor is an Inside-out , two-phase synchronous motor. The
rotating magnetic field in the motor is supplied by exciting the motor
based on the output from a two-phase resolver with the same number of
poles as the motor. As the resolver and motor are mounted on the same
shaf t, the motor is in synchronism and runs at the speed at which the
output torque balances the shaft load. This combination has character-
Istics similar to those of a dc motor. Redundant motor-resolver combina-
tions are supplied to ensure the high reliability required .

The magnetic pickups are of the permanent-magnet driven , flux-

circui t type. When the rel uctance of the circuit between the pole tip
and shel l is Interrupted by driving an i ron tooth past the pickup , the
changing flux In the circuit produces a voltage in the output winding .
This interruption occurs once per shaft revolution and is used to provide
shaft position Information.

The shaft bearings are deep groove radial ball bearings . They support

the rota ti ng shaft wh ich i n turn attaches to the spinn i ng sect ion of the
spacecraft. Bearing l ubri cation is obtained by treating the bearings

with the Ball Brothers Research Corporation ’s VacKote procc’~s and by us ing
lubricant reservoirs adjacent to the bearings , sized by analysis to contain
lubricant for many times the 7-year required life .
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The sl ip ring assembly uses soft gold rings over~lated with hard
gold on a ceramic-filled epo~cy drum . The brushes are flat wi re brushes
of 75 percent gol d, 22 percent silver , and 3 percent nickel alloy . The
sl ip ring assembly is also lubricated by the VacKote process.

1.2.2 Despln Electronics Assembly

A simplified block diagram of the despin e1ectronic~ assembly (DEA)
is given in Figure 1-4. The primary functions of this assee~b1y are :

• Acquisition Error Computation. In rate and search , the time
between platform reference pulses is compared to the time
between clock or earth centroid pulses using an up/down
counter, and the controller acts to al ign the pla tform
reference pulse with the clock or earth centroid pulse.

• Normal Mode Error Computation. The up/down counter begins
counting up with the rising edge of the quantized earth signal
signal . The di rection of count is reversed at the rising edge
of the pla tform reference pulse. The counter is always

V 
stopped with the following edge of the earth image signal .
The final count in the up/down counter is proportional to
.the• platform earth pointing error.

( • Bias Registers0 Bias registers are provided to command
maneuver rates in the rate and search modes and to command
position offsets for use with either north or south earth
sensor during normal mode. - 

-

• Digital to Analog Conversion. A D/A converter is provided
to convert the error into an equivalent dc analog signal to
feed the despin driver.

• Analog Compensation. Integral plus lead compensation , alon g
with lead-lag filtering needed for stability , is implemented
with passive components and operational amplifiers . Eight• selectable gains are included.

V 0 Motor Controller. The shaped signal is applied to the motor 
V

reso’Fvir to obtain sine/cosine commutation . The motor V -~~

Controller modulates bus voltage wi th the outputs of the
resolver and applies the result to the corresponding motor
windings so that the motor drive signal is proportional to
pla tform error. Gain compensation is achieved by motor
voltage feedback. Current limiting is also i ncorporated.
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2. ORBITAL CHRONOLOGY

2.1 DSCS-II Fli ght Hist~~y

The chronology of the DSCS-II prograni is presented for review in
Table 2.1. PertInent dates for all infl uencing events on despin pointing
are listed.

Two launches have provided four spacecraft for operational comuni-
cations usage for various lengths of time . Both spacecraft of the Launch I
conf iguratIon (9431 and 9432) are no longer usable for communications. The
prime and redundant ACS subsystems on 9431 are capable of supporting normal
mode despin pointing at the present time . The ACS status of 9432 at the
time of the 8 September 1972 failure was “operational” (normal mode pointing )
on the primary units. A possible failure of the redundant DEA resulted in
the December 1971 spin-up (reference 9670-REP-040-Ol).

The Launch II spacecraft have provided the normal mode pointing

V required for coninunications usage without the failure of any ACS functions.
However , 9433 has experienced a degradation in its performance of despin
pointing (reference Section 2.2) to a much greater degree than any previ-
ously observed.
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2 .2 9433 Chronology

The characterization of 9433 In a historical sense would be described
as follows . Spacecraft 9433 was placed in Normal Mode on 15 December 1973
on the No. 1 unIts followed by the Controls Redundancy Test on 18 December.
Final post redundancy test normal mode operation was configured using the
Ni , SI earth sensors with CTA-2 and DEA-2 units . However, performance of

9433 Indicated pointing variations of +.3 deg worst case, with n umerous
occurrences between +2 deg from 15 December through 27 December. Since
duri ng this time span the DMA bearing temperatures varied only +2 deg
around 70°, It was assumed that no thermal disturbances were In evidence.
However , there did seem to be a gradual decrease In the DMA dri ve torque
of approximately 10 in-oz over this time period. The cause of this
decrease in dri ve torque was later attributed to a friction decrease
since the spin-rate of the spacecraft was constant during this time
interval . Once the lower dri ve level was reached on 27 December, despin
pointing did not exceed +.09 deg until the latter part of the first
eclipse season.

During the latter half of the eclipse season (March 20 through
20 April) a limited number of pointing variations were observed. The
ecl i pse period presented the fi rst opportunity for observance of perform-
ance under large thermal variations . Telemetry data disclosed that both ‘V

a slight increase in torque voltage (-.91 volts to -.94 to -.98 volts)*
and a corresponding change in despin pointing error variations were V
evident. Due to eclipse support requirements for monitoring battery
operation , telemetry pass times during that time period were consistently
made at the same time each day. Despin pointing variations In excess of
+.l deg were observed during supports covering the portion of the day
where the DMA temperatures were increasing towards or had reached their
peak values (approximately satellite local noon). Most support times
were 15 to 30 minutes In duration . Under these conditions , one to three
variations of from .12 to .21 deg were observed. The average value
observed was .170 with the maximum frequency occurring during the time
span of 7 Apri l through 19 April . With the completion of the eclipse

* The “torque vol tage” is the compensated error signal and is a measure of
drive torque under steady-state conditions (see Appendix F).
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season , 9433 did not exhibit observable pointing variations until the V

follow ing ecl i pse season (March of 1975). The temperature profile during

this time span was a dupl icate of that experienced in the year previous .
A review of the telemetry data plots of the despin torque values indicated
that beginning in mid-March , 9433 showed a small increase in the average
torque voltage reaching a value of -1.06 volts during May (Figure 2-1
shows the correspondence V torque voltage and torque for steady-sta te
operation). The maximum observed trans ients of 0.5° occurred ors May 9,
June 26 and 27. However , numerous occurrences of pointing variations
above 0.2° were in evidence during the interven ing period. During the
period of approximately one and a half months between the end of June and
12 August , pointing variations were less than .15° .

I.

Beginning on 12 Augus t , large values of despin pointing error again
became evident as the average despin torq ue voltage started to rise . The -~~~~

initial pointing excurs ions were approximately 0.5 deg at torque voltage
levels of -1.2 volts . By 4 September , excursions in excess of 1.0 deg
were being experienced wi th average torque voltage levels of -1.8 to
2.0 vol ts . Table 2.2 lists the sequence of events on 9433 starting in

V September. Initial attempts at altering performance consisted of gain
state changes and unit switchings. By 8 September , it had been determi ned
that gain state and the DEA unit providing drive to the DMA did not seem
to change observed performance characteristics .

The second attempt to improve pointi ng error was instituted on
8 September. The low level DMA heaters were commanded On. After

V approximately 18.5 hours , the heaters were commanded Off (9 September ,
l830Z) since a slight degradation in pointing had been observed. It was

L 

then felt that a reduction in the satell i te spin speed might possibly
increase the life of the spacecraft if the problem was bearing related.

V Therefore , on 12 September , the spacecra ft was spun down to 50 rpm from 
V

V thc previous 60 rpm operating point.

Approxima tely 12 hours later , despin control was lost and the space-
craft subsequently switched to Standby Mode . A number of attempts were V

made on 13 September to despin the platform (reference Table 2.2).
DMA motor , spin thrusters , and a combination of both were unsuccessful .

V By unsuccessful It is meant that a tota l despin did not occur; however , a
measure of relative motion was achieved during at least two of the attempts .
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A second recovery attemp t t-as initiated in late September. Data

analysis of the Initial recovery attempt Indicated the apparent existence
of high friction levels in the DMA bearing Interface . The second recovery
attemp t was designed to develop the maximum despin torque possible. Three

discreet methods of accompl ishing this were postulated and assigned an
order of attempt. Prior to the recovery Itself , a spin-dow n of the
spacecraf t was accomplished to a point at which the narrow cover age V

antennas (NCA’ s) could be moved to the opposite of the cross-eyed stops . -

The movement of the NCA ’ s favorably alters the mass properties of the V

platform to reduce sideloads on the DMA.

On 26 September , the recovery was initiated. The second attempt was
successf ul . After the ensuing increase in spin rate, several normal
mode evaluations at various spin rates were performed in an attempt to
establish an optimum operating point. At the completion of the 26 September
recovery pass , the spacecraft was commanded back to Rate Mode control .
On 30 September , a series of friction tes ts was performed in an attempt
to establish net drive torque and friction levels. A repeat of this test
was begun on 10/4 ; however , a spin-up resulted from a DEA current overload
torque requiring a repeat of the 9/26 recovery sequence . On 10/ 7, Normal
mode was reestablished utilizing continuous SCF monitoring)attempting to
prevent future spin-ups . Between 10/7 and 10/20 , normal mode pointing
was lost , then reestablished ten times without a total spin-up occurri ng .
The third tota l spin-up occurred on 10/20 , due to excessive friction
torques , requiring a spin-down of the spacecraft for recovery. Since
the recovery from spin-up No. 3, numerous other partial spin-ups have 

V

occurred; all have been recovered by using contingency procedures at
the SCF. 

V

On 11 December, the first occurrence of a new type of partial spin-up

was observed. On this date , rate control was reestablished using SCF
block command recovery sequences . However, when norma l mode earth lo ck
was attempted , it coul d not be maintained. For a period of approximately
12 hours , each normal mode attempt resul ted in an ensuing switch to V

Standby mode . Performance in Rate mode indicated frequent torque transients V

L
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were being experienced. The magnitudes were such that normal mode pointing
could not be maintained. These symptoms were experienced again on 12/18 I
and 12/27 for approximately 17 hours on each occasion.

In each of the three lengthy losses of Normal mode during December ,
the frequency and magnitude of torque transients has been sufficient to
prevent a lasting reestablishment of earth pointing . The magnitude
characterization of these transients is discussed In Section 3.3. It
should be noted that prior to the 12/li performance, a loss of Hormc~.
mode pointing was typically reestablished within 30 minutes wi th no
ensuing loss experienced for several hours .
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Table 2.2. 9433 Anomaly Chronology

DATE EVENT REMARKS 
_ _ _ _

9/4/75 GAIN STATE Evaluate d despin controller perforiance
EVALUATION under increased l oop gain condi tions V

(G.S. 7-8-7—8) in  Nomal mode.

SCLECT DEf~ 1 ~~term ine effect of a re dun dant DEA V

electronics unit under G.S. 7 erd 8 V 
V

conditions on despin pointi ng j i~ Normal
mode .

9/8-9/7E DMA HEATER Utilize low level DMA heaters te a l t er
EVALUAT ION thermal environment of DMA and deter-

mine effect on Norma l mode despin point-
ing.

9/12/75 DECREASE S/C Evaluate spin rate effect on despin
SPIN RATE po i n ti ng at 50 RPM .

9/l3/7~ LOSS OF DESPIN - :

CONTROL AND
s~n~-u~ #1 r

9/13/75 INiTIAL DESPIN ATTE~-1PTS USItIG :RECOVERY T: )EA~�~~~d~~~~~~only, 3 time s -
ATTEMPTS 2. DEA 1 and moto r only, 1 ti~~ V

3. Repeat of motor only attempts
afte r DMA heaters used to w~nn

V D?-1A wi th each DEA. -

4. DEA 2 , moto r and spin-up thru3ter-
pulse . V 

V

5. DEA 2 , motor and spin-down , spin-
V up thruster pulse (spin-jerk).

None of the above were successful , how- V

ever relative motion during two attempts
was observed. V

9/24/75 SECOND 1. Norn~il izlng ~ maneuver.
RECOVER 1 2. S/C spin down to speed at ~.iich tha V 

-
ATTEMPT ~CA ’s can be moved to ti’e o~-~ it ~PREPAR A TIO N S of ‘ X ’ eyed stops and h~1d. -

3. Determine earth sensor ouerabi lity
at 20 RPM for atti tude ~~~ -‘~asure- 

V

ments (spin rate and earth cnord).

L

- -~~
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Table 2.2. 9433 Anomaly Chronology (Continued)

DATE EV ENT REMA RKS 
—

9/26/75 SECOND 1. DEA 2 , motor and spin-down , spin-up
RECOVERY thruste r pulses (spin-j erk ) -

ATTEMPTS slight relative moti on only.
2. PEA 2 , 2 sec sp in-down , spin-up

thruster pulses ending wi th motor
on and a 10 sec spin-up pulse
(rotor jiggle) - successfu l d~spin
accompl ished.

9/26/75 SPIN—UP OF Eval uation of normal node despin point-
SPACECRAFT ing at diffe rent spin rate s after
OPERATING initial spin-up with the spin-up
SPEED thrus ters .

9/30/ 75 FRICTION TEST Evaluation of net dri ve torque and
SEQUENCE #1 fri cti on levels with PEA 2 and DEA 1.

10/4/75 FRICTION TEST Friction test , spin-up , switch to - 

-

SEQUENCE #2 , DEA-2 , Recovery bl ock at 52 rpm - 1/2
SP~ 1-UP #2 rev relative motion . Change spin rate

to 20 rpm , slew NCA ’s, recovery bl ock
-de-spin initiated . Change spin rate
to 46 rpm

10/7/75 ESTABLISH 14crm~l mode , start full time SCF support
OPERATIONAL an d DCA u ti l i za tion.
SUPPORT

10/8/75 COMMUNICATIONS No comm turned on.
CONFIG U RATION

V c
~
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Table 2.2. 9433 Anomaly Chronology (Continued)

‘JAIF EVENT RE~~RKS — -— 

V

10/8 Loss of Normal Mode Parti~ l spin-up
Rate mod~ plus 15 sec sp in-up thruste r

pulse resul t~J in d~— s~ in

Normal mode (spin rate 50 rpm )
10/ 11 “ Partial spin up (standby ino~e)

— Rate mo de
Change spin rate to 44 rpm 

V

Normal m ode

w/ll “ Partial spin up (standby mode)

Rate mode —
~ normal mode

10/12 Partial spin up (sthidby mode ) 
— 5

Rate i~ode -
~~ norm al mode

10/13 ii Partial spin up (standby mode)
Rate mode -~~~ normal mode

10/13 U Partial spin up (Stã iadby mode )
Rate mode plus 15 sec spin up thruster V

resu lted in de— spin 
V

Normal mode (spin rate 47 rpm)
10/14 “ Partial spin up (standby mode)

Rate mode -, normal i~iode
10/14 ‘ Partial spin up (standby mode )

Rate m ode —> nortiial mode
V 10/14 II Partial spin up (standby mode )

Rate mode -~ normal mode

10/14 “ Partial spin up (standby mode)
V Ra te mode —

~~~ normal mode
10/20 SPIN-UP #3 Spin up V

De-spin attempts at 42 and 31 rpm were
unsuccessful

NCA slew and axial thruste r recovery
bloc k at 20 rpm initiated dc—spin

4 !..: Tncreasc~d spin rate to 45 rpm

10/2i Loss of Normal Mode ~~~~~~ ~~~~~~~ ~~~~~~ - -~ - - i

2-11
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Table 2.2. 9433 Anomaly Chronology (Continued)

DATE EVENT REMARKS 
V

V 10/21 Loss of No rmal Mode Part Pal spin-up (standby mode )
Rate mode plus 2 sec. spin-up thruster

pulse

10/23 u Partial spin-up (standby mode )
Change spin rate to 40.7 rpm

10/ 23 ‘~ Partial spin—up (standby mode)

10/24 Partial spin-up (standby mode )

10/25 Partial spin-up (standby mode )

10/26 U Partial spin-up (standby mode)

10/28 Partial spin-up (standby mode )

10/30 Rate Mode No continuous RTS coverage available V

12/11 Loss of Normal Mode for Partial spin-up (standby mode)
extended tIme (1210-2342 ) Fi ve re~cquisit ions in normal mode

all went to standby .
Channed spin-rate to 35 rpm

V Execute d RB-9956 . Spin rate 36.2 rpm
Two addi tional reacquisiti ons in normal
mode went to standby.
~~~~~~~~~~~~~ mode after 45 minutes of qood

V 

search mode performance .

12/ 18, Loss of Normal Mode for Partial spin-up (standby mode)
12/19 extended time (0740-0033) 

~~ven reaco”-isitions in ‘“z~rnial modeall went to standby .
Executed RR-9956~. Spin rate 37.4 rpm 

V

Reacqu isiti on in nor~~l mode went to standby
Reacquisition in flO.~~~i mode (GS-4) went V

to st~ndby .
Worhial r~cue.

c
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Table 2.2. 94~i Ano*naly Chronology (Continued)

V DATE EVEN T REMARKS

t 12/22 Loss of Normal Mode Partial spin-up (standby mode )

Three partial soin-ups (last one In GS-2)
I’ Partial spin-up (standby mode) with GS-6) ~

V -

12/23 Loss of Normal Mo 1e Partial spin-up (standby mode)

V 12/23 Loss of Normal Mode Partial spin-up (standby mode)

12/27, Loss of Normal ~tde for Partial spin-up (standby mode)( 12/28 extended time (1ll91l34 ) Six reacquisitions of normal mode resulted
in automatic swi tch to standby mode )

12/30 Loss of Normal Mode Partial spin-up (standby mode )

ii

I ,
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2. 3 ComparatIve Data (9431 , 9432 9434)
( A characteri zation of 9433 performance In a chronological sense has

been provided above . A compari son of Launch I (9431 and 9432) and V

Launch II (9433 and 9434 ) can be made as fol lows : until the thermal
anomaly of June 1972 (Table 2.1), 9431 and 9434 were identical to each
other , pointlng~~.O7° wi th no abnormal variations as a function of the
normal thermal extremes which occurred during ecl ipse seasons . 9431
pointing following the thermal anomaly has shown a degradation (evaluated
dur ing Norma l Mode passes ) which seems to fol low a thermal cycle. Very
low (<340)  bearing temperatures are being experienced during eclipse
seasons . These low bearing temperatures are also resulting in higher
dri ve torque requirements during these times . 9432 and 9434 each
exhIbi ted 0.25° attitude variations immediately followi ng launch . Due

V to the 9432 DEA failure on 2 December 1971 , a compari son of post-launch
performance with that of 9433 cannot be made. With the ensuing recovery
(8 June 1972), 9432 continued to exhibit pointing variations In excess of
0.2° although an increase in drive torque was not evident. It should be
noted that initial attitude variations after recovery were 0.4°, decreasing

to typical 0.2° level prior to the final failure on 8 September 1972 (not
an ACS failure).

In comparing the pointing performance of 9433 prior to September
1975 vers us 9431 , 9432, and 9434, a critical point should be made . No
short term increases In average dri ve torque levels have been evident
during relatively active pointing variation time intervals (9431 and
9432). As noted above, 9431 has shown a long term Increase in average
dri ve torque which seems to have resulted from a thermal enclosure V

degradation, beginning in June of 1972. The torque increase does not
follow the characteristics of 9433. An additional data point of compari --
son exists for each launch In the thermal area , especially for Launch II.
The thermal envi ronment for 9433 and 9434 were initially i denti cal whi le
drive torque requirements did not drastically differ. The use of the
DMA heaters (Table 2-2 and Section 3.2) appeared to alter the thermal
environment of 9433 so that a direct comparison with 9434 is no longer
possi ble. V

I
‘p
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During periods of performance comparisons , thermal environment,
V 

launch and operating configurations , etc., have been similar. These
similarities have provided valid data to evaluate pointing performance .
In these comparisons , an Increase I n average dri ve torque has not been

- observed on 9431, 9432, and 9434.
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3. ANALYSIS OF SELECTED ORBITAL DATA
tV~~~ Characterization of the on-orbit performance of 9433 requires analysis H

of selected orbital data . Al though the quantity and quality (e.g., readout
frequency) of telemetry data are limi ted, this information is the primary
factor in identifying the possible and probable causes of the 9433 anomaly.
Of particular interest are the magnitude of the rotor-to-platform friction
torque (as indicated by various measurement data) and the dependence of
this torque on other variables (fo r example , time and temperature). V

3.1 Summary of Orbital Uata 
-

Several types of orbital data are available and discussed in followi ng 
(

sections :
.9

• Operational Data: Prima ry data of interest while the
spacecraft is in Its operational configuration (“Normal Mode”) V

is the pointing error , the compensated erro r signal , and the
V three DMA temperature measurements .

V • Unplanned Events : Unplanned events put the spacecraft out of k

Normal mode (into Standby, Search , or Rate mode). In any of
these modes, the rate data provided a direct indication of
torque. Temperature data is also of interest. V

• Friction Tests : Systematic tests were performed on 30 October
1975 to provide direct measurements of friction torque. The data

V taken was similar to that from many unplanned events ‘most of which 
V

occurred after the friction tests). Similar data (referred to as
“Orbital Dynamic Tests”) was obtained on 15-16 January 1976.

V 

• Recovery Data: Data taken duri ng various attempted and successful V

recoveries from full spin give indications of the character of
friction at low rela tive ra tes (an d its dependence upon the side
loads produced by platform unbalance while spun up).

The fi rst indication of anomalous performance came from a growth in
the compensated error signal during normal operation, showi ng an increase
i n the running friction . Beginning In August 1975, this increase
became signifi cant , leading to loss of normal operation on 13 September.

3—1
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This Increase in friction torque was accompanied by increased therma l
gradients along the DMA shaft , apparently due to the rise in motor power
dissipation. Since that time , the runn i ng fr ict ion has been i n the
neighborhood of 100 in-oz most of the time (compared to a pre-anomaly-
value of 30 in-oz).

Immed iately following the switch to Standby on 13 September, and the
resulting platform spin-up,several unsuccessful recovery attempts occurred.
The data from these attempts provided estimat~~of the runn i ng and static V

friction . This data was augmented by that from the successful recovery
operations of 27 September and by subsequent recovery attempts on
20 October (following a platform spin-up due to excessive running fric-
tion). The main concl usion from recovery data is that the success of
recovery depends upon spin rate , wit h lower spin rates (e.g., 20 rpm)

improving recovery probability . V

Shortly after the successful recovery of 27 September , a seri es of

orbital fri ction tests were conducted by accelerating the platform by use
of the motor and then allowi ng friction-only spin-up by disabling the
DEA power amplifier. These tests provided the fi rst direct friction
measurement at operating speeds and showed an unexpected torque satura-
tion. These results , described in Section 3.4 , indi cated a rise in
running friction duri ng the tests.

Between 27 September and end of 1975 , numerous unplanned events
occurred , including :

• partial spin-ups due to loss of earth lock

• a full spin-up due to a DEA current trip

• A ful l spin-up due to excessive friction

• a short period (2-3 hours ) duri ng which the running
friction dropped to its pre-anomaly level

• several periods of extreme torque transients V

preventing sustained normal operation.

Since many of these unplanned events occur in Rate (or Search ) mode, they 
V

V provide excellent measurements of the running torque - as indicated by the
slope of the rate data . However , since this data , for the most part ,

3-2
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relates to abnormal periods of friction transient activity, i t  mu st be

Viewed as representing extreme circL.nstances .* Indeed, the highest running
friction transient observed (In excess of 500 in-oz ) occurred during a
partial spin-up on 13 October. Furthermore , the correlation of partial 

V

spin-up (due to friction caused losses of earth lock) - or lack of
correlation - wi th time and temperature , has diagnostic va lue.

On 28 November, 9433 exhibited a new performance characteristic: the
running torque dropped to a very low level (near the normal value of
35 in-oz ) and remained there for approximately 3 hours . Such drops in - 

-

torque were observed during severa l periods during the remainder of 1975,
generally resulting in extended losses of operational status . Indeed, i t

appears that the overall character of the fri ction torques changed on
28 November from that of the previous period - suggesting a change in the

$ 1

phenomenon (or phenomena) giving rise to the orbital anomaly.

V Most of the time since the successful recovery of 27 September has :- V

been spent in Normal mode, yielding operational data (pointing error ,
compensated error signal , DMA temperatures). For the mos t part , fr ict ion

V level s in the neighborhood of 100 in-oz have been observed from compen-
sated error data.

* An exception is the full spin-up due to the DEA shut-down , appare ntly
due to a current trans ient in DEA # 1.
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3.2 Operational Data

3.2.1 General

FIgures 3.2—1 through 3.2-3 depIct despin pointing error plots for
three types of observed performance . Figure 3.2-1 demonstrates what a
typical despin controller error signal looks like under normal on-orbi t
pointing conditions (< .1°). Figures 3.2-2 and 3.2-3 depict how the
pointing error degraded through the August-September time span .

The general chronology presented in Section 2.2 descrIbes the
scenario of events related to the 9433 despin control anomaly. The
review of comparative data for all DSCS II spacecraft indicates that
except for 9434, all spacecraft have exhibited some periods of pointing
wander. The following section describes how the performance of 9433 has
differed from previously experienced despin pointing behavior. The
attempts to alleviate the pointing abnormalities through on-board mode —

and configuration changes are descri bed in detail with thei r ensuing
results presented. Operational data will be covering four time spans :
1 May through 2 August; September; 3 October through 10 December; and
11 to 31 December.

3.2.2 May-August Time Span

Initial pointing disturbances during this time span appeared to be
larger magni tude variations than previously observed In December of 75.
On Nay 9, the initial observation of a 0.4” pointing transient occurred.
Subsequent 0.3° excursions occurred on 5/12 through 5/16, then again on 

V

6/24, 6/26 , and 6/27. DurIng each of these observed pointing perturba-
tions , an increase in the despin torque was noted. Figures 3.2-4 and
3.2-5 present the daily drive torque and DMA temperatures for this time
span. The torque drive Increases in the May and June excursion periods
amounted to approximately 5 to 10 ln-oz. A comparison of temperatures In
the DMA wi th 9434 during this time frame did not Indicate thermal deviations
were occurring In 9433 which couJd explain the higher drive torque.

Performance between the dates noted above was the typical <0.1°
pointing being previously experienced as characteristic of 9433. Wi th

(
~
) the cessation of pointing perturbations on 27 June, this characteristic
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pointing was experienced until August 12. At this time , desping pointing
variations began being obse-rved as the average despin drive torque began
to increase once again.

By the end of August , average drive torque increases of 60 to 80%
(50 to 65 in-oz ) we re in evidence wi th despin pointing variat ions of 0.20

being comonplace .

3.2.3 September Time Span

Figure 3.2-6 contains the average daily temperature and torque voltage
V plots for most of August and earl y September. It is very apparent that a rapid V

degradation in pointing and required drive torque began at the end of August.
The sequence of events for early September is contained in Table 2-2.

Evaluations of pointing performance with an increase in  the despin

con trol l er forward loop ga i n (Ga in State #8 vs #7), alternate electronics
units providing despin dri ve torque, and decreased spacecraft spin rate
were undertaken duri ng early September (Table 2-2). In each case, no

sustained improvement was attained. Pointing variations of 0.50 were

becoming commonplace with increases in drive torque of 80 to 100% observed
by 8 September.

Because there appeared to be a correlation of performance wi th time-of-
day, it was thought that thermal gradients mi ght be a driving infl uence.
Therefore, an attempt was made to alter the thermal environment on
9 September by using the low level DMA heaters. However , the resul t was
a further degradation In despin pointing as the required dri ve torque
continued to increase. Typical pointing variations of 0.5° with large
excursions of 1.00 were observed during the time of heater operation .

Turn-off of the DMA heaters did not resul t in a return of the DMA to
its earlier thermal environment, apparently due to the increased dri ve
torque causing higher power dissipation in the DMA motor. Pointing per-
formance from heater turn-off unti l 9 September (when the spacecraft
spin rate was reduced) continued at 0.70 at a friction torque level of

V 90 in-oz (pre- May 9 levels of +.09° at fri ction levels of 30 in-oz were V

typical ).
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1

Severa l hours prior to reducing the spacecraft spin-rate , a 5.80

pointing transient had been observed (Figure 3.2-3). Since transients
in excess of 6.0° would result in a loss of earth lock (normal mode), i t

was decided to reduce the spacecraft spin rate in an effort to possibly
prevent this occurrence . A spin rate reduction to 50 RPM (from 60 RPM)
was accomplished at 2000Z on 12 September.

m i s  change in operating environment did not seem to affect either
despin pointing or required drive torque level . Approximately 12 more
hours of despin pointing were realized before a ful l spin-up occurred.

The details of friction levels at spin-up , recovery attempts,and
special pos t-recovery tests are presented in Sections 3.3 through 3.5
which follow . These recovery efforts and speci al tests occup ied the
remainder of September (see Table 2-2 for chronology of even ts follow i ng
13 September spin-up). F
3.2.4 October-December Time Span

The development of a successful recover.3V technique coupled with
achieved results of several normal mode passes for special DC usage V

fostered the development of a high lcvel of confidence for the
reestablishment of normal mode on 7 October. To eliminate the time and
fuel consumi ng recoveries from a fully spun-up condition, full time SCF
monitoring was also instituted on 7 October. The use of Block Commands
to re-initiate rate mode desp in control as quickly as possible was
instituted. In the time span of 7 to 20 October, ten (10) partial

V spin-ups (loss of earth pointing) occurred. The use of block commanding
prevented a total spin-up from occurri ng in each of these cases .

Spin-up No. 3 occurred on 20 October fol lowed by eight (8) addi-
tional partial spin-ups , the last of wh ich occurred on October 28.
Calculations of friction levels relative to these unplanned events is
described In Section 3.3. Observations made from telemetry data during
this time span indicate levels of running friction of approximately
100 in-oz . At the time of a partial spin-up , torque transients of 30 tu
60 in-oz , In addition to the 100 in-oz of fri ction torque, are being

C.
3-12

.—V-V-V—- V- V V •
~~

-V_ V
~ 

.
~~~~~~~~~

-__ _

~~~~~~~~~~~ 
— - V - - _______

,~•- -V~~ - V- •~~) L . -
_______ — —V.-- - —V.-— 

~~~~~~~~~~~~~~~ ~~~~~~ 4~~~~~~ _  .~~~ — -.-------~ ‘— ‘~— - - ~ ~~~~~~~~~~~~~ ~— —--—-i — —— -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

experienced for short periods of time, resulting in the loss of earth
pointing . During the normal pointing periods , variations are typically
less than +1.00 at levels of about 100 in-oz of friction torque . 

V.

Figure 3.2-7 presents a map of the spin-up times (partial and total
spin-ups) for the period up to 15 November. This plot and the corre-
sponding chronology of Table 2-2 provides the details of events on 9433
since its initial recovery. Figure 3.2-7 discloses that losses of earth
pointing have a thermal cycle correlation.

Figures 3.2-8 through 3.2-17 present the average DMA temperatures and
torque values for most of October and November. It appears that the required
drive torque has decreased with the end of losses in earth pointing . However,
reference to Table 2-2 indicates that the spacecraft spi n rate has been (

reduced several times since the initial recovery on 26 September. The
reduction in spin-rate reduces the motor back; therefore , for a given I’

friction level , the torque voltage decreases. It is concluded that the
average friction torque of 90 to 100 in-oz was still present; however,
the large torque variations ceased.

On 28 November , a more pronounced change in behavior occurred. There
was a drop in torque voltage to the level of ‘~1.O vol ts experienced in p

pre-May . This drop occurred over approximately 16 seconds. For a period
of almost three hours , despin pointing variations remained below 0.1 deg V

once again. Coincident with the return to the level of higher dri ve torque,
large variations (>1.0 deg) in pointing error were again experi enced.
These “quiet” periods Pave been experienced several times since 28 November.

3.2.5 11 to 31 December Time Span

The completion of approximately 40 days of continuous normal mode
V operation came to an end on 11 December. Initially, the loss of normal

mode appeared to exhibit the behavior previously experienced, large
torque transient, high average torque, and rising top bearing temperatures.
The attempts to reestablish normal mode, however , indicated a change in
the characteristics of the anomalies was present. Transients were present
over long periods of time . Transient magnitudes were such that normal

V 
mode could not be acquired and maintained during these long periods of
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V. of time . Dur i ng the 20 days descri bed in this time span , this condition
was experienced three discreet times ( ] V J , 17, and 27 December) . The V

V reestablishment of normal mode seems to occur only after a period of lower
average torque, followed by a subsequent decrease in bearing temperature

V differentials. Prior to this occurrence, each normal mode acquisition is
followed almost ininediately by an automati c switch to standby mode, the
result of a lar ge torque trans ien t; both increasi ng and decreasin g torque
transients were observed as causes of loss of normal mode operation. V

Typical transients duri ng this period are analyzed in Section 3.3.

V 3.3 Unplanned Events

Duri ng the past 24 months unplanned events have affected the pointing
performance of the despin control system of S/C 9433 . These events have

V either resulted in large platform pointing transients or large platform
pointing transients, resul ting in loss of earth lock followed by a spin-up
(complete or partial) of the platform . Representative set of the data
which illustrates both types of events are examined and discussed in the
following paragraphs.

p

3.3.1 Platform Pointing Transients

Platform pointing transients or “wander ” on S/C 9433 have been observed
shortly after launch , but these transients have occurred most frequently
during the last few months. However , an exami nation of the data shows that
these transients have occurred under rather different circums tances. For
example , wi th the running friction being nomi nal , platform transients
occurred which have been attributed to retainer whirl with low amplitude 

V.

disturbance torque pulses of short duration. A second type of transient V

was observed which occurred in the presence of nigh running friction torque;
however , the magnitude of the pulses was typically 4 to 5 times greater

than those attributed to “retainer instability ” pul ses . Finall y, in late
November 1975, a platform pointing transient was caused by a sudden increase
in the running friction level in the absence of short duration torque
pulses. Examples of each type of transient are discussed below .

C.
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V 

3.3.1.) Pointing Wander: December 15/16~ 1973
V Typical platform pointing transients whi ch have been attributed to

retainer instability were observed on S/C 9433 shortly after launch.
Wi th the run ning fr ict ion around 30 to 40 in-oz, platform transients were

induced by torque pulses whose magnitude is on the order of 5 in-oz and
lasting for a period of 10 to 15 seconds. An example of platform pointing

error due to this effect is shown in Figure 3.3-1; the data shows that the

platform error al location of 0.15 deg was exceeded by as much as a factor
of 2. Un ti l recent 9433 operation , these platform point transients have

V exhibited similar characteristics on all satellites where present.

3.3.1.2 SeQuence of Large Torque Pulses V.

During the last several months , a number of large platform pointing

transients caused by large torque pulses in the presence of high (90 to 100

in-oz) running friction torque (as implied from the telemetered torque
voltage) have been observed . These torque pulses are probably no longer
attributable to retainer instability since their magnitudes are much
greater.

• September 10 (Figure 3.3-2). A large pla tfo rm point ing trans ient
of - .15 deg is shown in Figure 3.3-2. Analysis of this transient via

simulation shows that a torque pulse of 15-second duration and 20 in-oz
amplitude in the presence of high running friction (-2.12 volts torque
voltage - nominal is around -1.0 volt) will cause such a transient. An
examination of other similar transients shows that the despin control
system is being disturbed by a sequence of torque pulses whose amplitude

and duration varies from pulse to pulse.

• September 27 (Figure 3.3-3). The data of Figure 3.3-2 did not
give a direct measure of the characteristic of the torque pulses since
the system was operating in Normal mode; a simulation of the system was
requi red to “back-out ’ the torque pulse characteristics . However , on

27 September the despin control system was operating in the Rate mode. V.

A direct measure of the net torque acting on the platform could be
deduced from the despin rate error data . Pla tform rate erro r can be

C directly related to net torque; further , if the motor current is saturated
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(this was the case between 90 and 580 seconds), friction torque variations V

can be deduced. An analysis of the data in Figure 3.3-3 shows that a
sequence of torque pulses with ampl itudes as large as 30 in-oz of varying
dura tion di sturbed the system. These resu lts are cons i sten t with those
deduced from an analyses of recent Normal Mode pointi ng error data.
Unlike the small pointing transients observed shortly after launch , the
pointing error transients of recent months are being generated by torque V

.

pulses which are significantly larger than the 5 in-oz that has been
heretofore attributed to retainer instability.

3.3.1.3 Sudden Decrtase in Running Friction (Figure 3.3-4) 
V.

On 28 November , a new type of transient occurred. The despin control
system was operating in Normal Mode with the telemetered torque voltage
reading a high value (-1.7 to -1.8 volts); at 65630 seconds, a positive
going p latform trans ient of 2.8 deg was i nduced by a sudden decrease in
running friction torque (Figure 3.3-4a). At the same time , the ma i n bus
current dropped from 11.2 amps down to 10.75 amps , and the torque voltage
dropped to -1.26 volts (Figure 3.3-4b). From 65900 seconds to 75700 seconds , •

the torque vol tage remained around -1.0 vol t (which is nominal). Thereafter , -~~~~

the torque vol tage again resumed its recent typical level (-1.8 volts). In
the past , as noted ear l ier, pointing error transients have been attributed V. 

-

to torque pulses in the presence of a constant friction torque. This
transient occurs because of a shift in the running torque level , but there
appears to be no concurrent sequence of torque pulses . The reduction of
friction implied by the torque voltage decrease is 50 in-oz (from 90 in-oz

V 
to 40 in-oz).

3.3.2 Platform Spin-ups -

From 13 September through 31 December , 9433 ha~ experienced three V

V. 
complete platform spin-ups along wi th a number of partial platform spin-ups .
In most cases , the despin control system was put into Standby automatically
because earth lock was lost for three rotor revolutions . The large

~~~ pointing transients we re accompanied by the presence of unusually high

~ running fri ction torques as deduced from the telemetered torque voltage .
The data for the three complete spin-ups and several respresentative partial
spin-ups are discussed below .
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3.3.2.1 Complete Spin-ups
V. 

• 13 September (Figure 3.3-5). On September 13, S/ C 9433 went into

Standby and subsequent unsuccessful attempts to recover it duri ng that day V.

showed that the friction torque exceeded motor torque capability . Best

- - 
estimates by Orbital Operations personnel indicate that spin-up took about
5 minutes , implying a friction torque on the order of 200 in-oz.

The variation in the chord width at the end of the spin-up (Figure

3.3-5) indicates that the spacecraft was wobbling while the platform was
slowing down until it stalled. The constant chord width after the stalled
condition was achieved shows that the platform had stalled in such a way

V.
; that the plane containing the platform mass unbalance was aligned vi rtually

norma l to the plane con tai n i ng the earth sensor ax is . Thus , the spacecra ft
tilt due to the platform unbalance is not discernible in the chord width

V. data. See Section 3.5 for additional coiwnents on this data .

I 4 October (Figure 3.3-6). The platform completely spun-up due to
a DEA current overload try on October 4, 1975. The relative rate data is

presented in Figure 3.3-6. At the time, the motor was driving the platform
from 60 rpm toward 70 rpm. An overcurrent detector put DEA #1 i nto Standby

and the platform spun-up due to friction . This data shows that the friction

iS On the order of 115 in-oz and is virtually independent of relative rate.

• October 20 (Figure 3.3-7). The third complete platform spin-up

occurred on October 20, 1975, as shown in Figure 3.3-7. The despin control
system went into Standby at 19937 seconds. The pointing error prior to
this time was wandering +3 deg and the torque voltage was reading -2.9 volts
at 19850 seconds , indicati ng a high value of friction torque. Shortly 

-
V

thereafter , a torque (pulse or pulses ) induced a large transient (6.2 deg), V

L 

putting the system into Standby . Because full-time support was provided to V

S/C 9433 sir~ce October 7, 1975 (0600Z)4 the comands of Rate Mode , Power V

V. - ~Iii~ On , and Rate Bias were issued shortly thereafter. It is clea r from

the data that in spite of these coninands, the platform was st i ll  slowl y V

spinning up. At about 500 seconds , a two-second spin jet pulse was fired. V

This was followed 300 seconds l ater with a fifteen-second spin-jet pulse.

After each spin jet firing, the platform continued to spin-up and eventually
the PRP signal was lost . 

V
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During tni~ w -’iole sequence , it c.n be seen thes t the friction torque
takes on several values . Initially, when the systeu was in Standby, the

short piece of data indi cates a frictinn torque on the t ;ier of 160 in-Oz.

Follow i ng the is suan ce of Ra te Mode , Power On , and Rite i~ias con~iunds , the

net torques (Tn) indicated by the data over several segr-’~nt~ of time were
27, 34, 61, 42 in—oz. Assumin g that the saturated motor torque is 178 in-oz,

these data imply friction torques (If) respectively of 205, ~:l2, 239, and
220 in-oz.

3.3.2.2 Partial Spin-ups (October 1975)

During the month of October 1975, 9433 went into Standby at various

times and the platform spun-up partially before the spacecraft was commanded

into Rate Mode and subsequently returned to Normal Mode. It some cases,

thrusters were fired to augment the motor torque to recover the spacecraft.

A few of the more interesting partial spin-up cases are discussed below .

These data can be used to deduce function level by noting that the full
motor torque (approximately 170 in-oz) was applied throughout recove , ,

V. until the time of peak overshoot cha racteristic of Rate Mode. Thu~,
friction torque equals peak motor torque minus the net torque 

~
TN~ 

- V

• 8 October (Figure 3.3-8). The initial decay of the platfo rm spin
rate indicates a fricti on torque of 170 in-oz. Recovery was possibh but
very slow. 270 seconds following the Power On command , the spin rate was

V holding around 32-33 rpm. A 15-second firing of the spin jet was used to
augment the motor torque. The platform then proceeded to be despun with a
net torque of 46 in-oz. This implies that the friction torque was on the

V order of 125 in-oz. This apparent reduction in friction due to the dynamics
Induced by thruster firi ngs has been observed on several occasions.

• 11 October (Figure 3.3-9). This Standby was preceded by large
pointing error excursions of +5 to 6 degrees and the telemetry on the
torque voltage saturated at -4.98 volts . However, about 540 seconds prior

- 
V. to Standby (19434 seconds ) , the pointing excursion was +0.7 deg and the

torque voltage was -1.81 volts , again indicating a high running friction

torque. The spin rate decay following Standby shows that a f -~:tion level
~~~~~ of 171 in-oz was present. Wit h the Power Mlp On, I t was expeJ-~-! that a
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- - -  slow despinnlng of the platfoi m was possible. After 30 seconds ~‘f a con-t Stant spin rate following Power Amp On , the platform proceeded to despin
wi th a net torque of 25 in-oz (or friction of at least 140 iri—Oz) over
the next seconds . For the next 230 seconds thereafter , a net torque of
about 33 in-oz existed as the platform continued to despin. At about
520 seconds, the rate bias command of 342 counts (49.6 rpm) was Issued L
and the system converged to the bias value.

• 13 October (Figure 3.3-10). The partial spin-up and recovery on
October 13 is a case where a recovery began successfully but deteriorated. 

V

At around 580 seconds the friction torque suddenly increased and over- - 
-

whelmed the motor. At 680 seconds a 15 second spin-up jet pulse was ;j V .

executed to augment the motor torque. About 1300 seconds later, after
a slow convergent, the despin maneuver by the Rate Mode is completed and
the bias rate of 45.8 rpm was achieved. Again, in a short period
(0.5 hour), the friction level varied significantly, from a level of
below 150 in-oz to a level of almost 600 in-az (If ~ 170 + 415 in-oz).

3.3.2.3 Partial Spin—ups (December 1975j

Al though partial spin-ups did not occur duri ng the month of November,
9433 was pla gued by a ntmiber of partial spin-ups during the month of
December 1975 which resulted in the despin control system going into V

V Standby, requiring many reacquisition attempts before achieving Normal
Mode. Severa l of the more interesting of these events are discusse d
below ; speci f icall y, segments of data from December 11 , 18, and 27 are 

- 
-

VV 

discussed.

V. 

• 11 December (Figure 3.3-11). Two segments of the data of 11 December H
V presented in Figure 3.3-11, show the system operating in the Search Mode

during the many attempts to reacquire the system back to Normal Mode. Search
- V Mode provi ded spin rate data from whicn an estimate of the net torque acting

V on the platform could be deduced. The net torque (T N) acting on the system
at various times in the transient is noted. It is apparent that the fric—
tion torque was roughly “bi-stable” with jumps of about 200 in-az . At the
lower leve l , the friction was no more than 70 in-oz . This data contrasts

4 .  w i th transients prior to 28 November i n that low levels of f ric t ion are
present,
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. I 18 December (Figure 3.3-12). The data of Figure 3.3-12 shows a
1 - typical segment of the data of 18 December. During this day , a large

number of reacquisition attempts were made, but the system ended up in
Standby. This data shows that prior to going into Standby at 27599 seconds ,
the platform pointing error was exhibiti ng large excursions of +2 deg to
-4.7 deg.

While in Standby, the platform was spinning up due to a friction level
of 223 in-oz. Subsequently, during the time segments when the main bus
current is high (+12 amps), it can be assumed that the motor is being
commanded fall-on and that the net torque readings can be used to deduce
fri ction levels. Assumi ng a conservative (optimistic) value of 170 in-oz
for saturated motor torque, it can be seen from the spin rate data that
the friction level is greater than 240 in-oz for the negative sloped
segments of the data and In on the order of 45 to 100 in-oz for the
positive sloped segment of the data . This data is similar to that of
11 December.

• December 27, 1975 (Figure 3.3-13). The data of Figure 3.3-13 shows
the system initially operating in Normal Mode but at System Time 03660 a large
platform pointing error of -4.2 deg is induced . Fifty-five seconds later H
the pointing error is so large the system ends up in Standby at 65 seconds
the system is placed on Search Mode; duri ng this 10-second interval , friction
of 238 in-oz is spinning up the platform. After Sea rch Mode Is entered, the
despin control system is struggling to establish the pre-Standby relative
rate of 37.3 rpm. As can be seen from the data , the net torque (T N) takes
on a sequence of both positive and negati ve values .

The data shows that the friction is on the order of 200 to 223 in-oz in
j Search Mode when friction overwhelms the motor (negative slope segments ) and

drops off to 74 to 111 in-oz when the motor overwhelms the friction (positive
V slope segments). At 340 seconds there appears to be a dramatic reduction of

friction level (down to 46 ln-oz ) and for the fi rst time the motor Is able to
drive the relative rate past the 37.3 rpm value . At 400 seconds the main bus
current level drops off from an average of 12.4 amps to 11.0 amps , which m di- V.

cates a decrease in motor current. At 490 seconds , the P-P transient along
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V

with the Increase In main bus current back to 12.3 amps again shows a demand 
V.

on the motor but as was the case at 340 seconds, the friction level is still
down near 49 In— oz. Thus , this data shows that for the first 300 seconds
after Standby, the friction level seemed to vascillate between 100 to 200 in-oz ,
then suddenly to a low level of 49 in-oz .

3-45

- V V . -  _ _ __ _ _ _ __



~~~~~~~~~~~~~~~~~

- V --

~~~~~~~

--- - 

~~~~~~~~

— 

~~~~~~~~~~~~

V—V. V.VV. V~_ V_ V. V~V. _ V _  
~~V. V.~ I ‘

‘ —  : — 
~ ~ 

V. I V. j 
~ 

f -

~~~~~ 4 i t L +Hi tT~, I 
~4 I ~t ~ 1

-
~~V H--~---~;P---~ 

V-
~~

V
~~~

-V.-
~~~

- 
~ I f V. ~L1~ ~ ~~~~~~~~~ ~

- ~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~ iL~~t~1~ 
I ~~~~ ~~~ 

~~~~ V. ~~ 

~~~~~~~ ~~ 

~~ ~
-t 

~ 

- I

L ~ ~V~~~L _ V . V V~~~~ VV ~ . ~~~~~ ~~ L~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 

L~~~ ~~~~~~~~ ~

V V . - -  :~
-t : ~

,

~$ 
~~~~~~~~~~~~~~~~~~~~~~~ ~

~~~~~- ~H----~~
--

~~-+ -~~
. --k~ 

- -- - k H-~~~
—- --

~ 
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V _ V . V V•~~~~~~~~~~~~~~~~~ J V . V V . ~~~ ~~.. 
V

~ 
;- I’ ~ ! ~ ; -

~ 
~~~~~~~~~~ V ~ ~ ~ V V

~
-

V . V . _ V .VV
~~~~~~~~~~~~~

V
~~~~~~~~~

. V . V rV.
~~~~~

T T± : _ -.
~~~~~-1- 

_V.V.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V. ~~~V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V

— ~~~~~~~~~~~~~~~ V I . - y .  L _ ’ 
V

~

- -

~

-- 4 - -i- VV V V .±  
~~~~~~~~~~~~L~~~~-J

. -r-

V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V V V ~ VV ~~~~~~~~ V V.I V.~~~~~~~~~ - -
I -V ~~~~~~~~~~~~~~~~ 

j - -~~
V - ±-- --

~~~~

-

~
- V t -

~~ 
F

4. -:

3-46 

- V - - V - - V  - 

V~V~V V~~ V ~~ V V. V~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V~~~~~~~~~~~~~~~~ ~ ----‘--- .--~~ ~~ A



V-_V V~~~~~~~~~~~~~ V V~~~~~~~V. V~~~~~~

V. 

- 
3.4 Friction Tests

Shortly after the successful recovery of 9433 on 27 September , a series

of on-orbit friction tests was planned. Primary objectives were to:

• provide direct dynamic friction measurements 
-

• determine friction dependence upon speed

• compare performance of redundant drives .

These friction tests were performed on 30 September , prior to return of 9433
to operational status . Friction was successfully measured and exhibited no
major speed dependence. However , the level of friction varied markedly
between measurement runs . In addition , an unexpected “torque saturation ”
phenomenon (descri bed below ) was observed , and occurred wi th both dri ve
channels. Motor test data (see Section 6.5) and analysis of the fri ction
test orbital data have indicated this saturation effect to be due to a rise
in mechanical friction during the test and a decrease i n motor torq ue ou tput
(due to DEA phase shifts) wi th increased rotor-platform relative rates .

The friction tests were initiated at l42 1Z on 30 September , with the
rotor spinning at approximately 60 rpm and the platform approximately
despun — that is , wi th a bias (relative) rate of 60 rpm. The plan was to:

(1) command a rate bias of 80 rpm

( 2 )  allow the controller to converge at the new rate bias

(3) measure all rate parameters for calibration purposes

(4) disable the DEA power ampl i fier, allow i ng the relat i ve ra te
to decrease due to runn ing fr i ction

(5) re-enable the power amplifier when the relative rate reaches
45 rpm, wi th a 45 rpm bias

(6) measure all rate parameters for calibration purposes

(7) repeat steps (l)- (6)

(8) swi tch to the alternate dri ve channel and again repeat
steps (l)-(6).

Figure 3.4-1 shows the results of attempting the above sequence of
V operations. The initial run-up to 80 rpm was unsuccessful , even though

maximum motor current (as indicated by the main bus current) was drawn
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throughout the period of the attempted run-up. Inspection of the initial 
V

run-up/run-down cycle (system time from 5l700Z to .2800L) yields the
following observations (Fig~ire 3.4-2):

• At the start of run-up , a torque margin of 52 in-oz existed ,
suggesti ng a friction torque in the neighborhood of 100 in-oz
(and certainly no greater than 120 in_oz).*

• As the run-iap progressed, the net torque decreased , becoming
zero at 52400Z and then going negative , even with full motor
current.

• Shut-down of the DEA power amp resulted in a run-down accelera-
tion equivalent to an average friction level of approximately
170 in-oz , showing a definite and sizeable increase above the
initial value.

The foldover in  rate due to a change in sign of the net torque at 52400Z
could be explained by a decrease in motor torque capability as a function
of speed and termperature ; indeed, motor test data reported in Section 6.5
shows such a characteristic to occur due to phase shifts in the DEA duri ng
the saturated regime . However , the change in friction level indicated by
the run-down data suggests an increase in the mechan ical fr ict ion , perhaps
accompanied duri ng run-up by a speed-dependent decrease in motor torquing p

capability.

Because the initial attempt to establish a relative rate of 80 rpm
was unsuc cessfu l , the target rate was reduced to 70 rpm for the next cycle
of the test (Figure 3.4—4). This rate was reached successfully, wi th the

normal overshoot wh ich occurs due to the integration in the controller;
mo reover , the friction torque during the unpowered run-down differed
little from that duri ng run-up , and was considerably less than the
friction level during the first run-down period.

In order to evaluate differences in performance between the two avail-
able dr ive channels , the alternate IDEA (No. 1) was employed to repeat the
first attempt to run up from 60 rpm to. 80 rpm (Figure 3.4-5). The results
during run-up were similar to those observed wi th DEA #2; although the
80 rpm bias level was reached, the controller did not settle out (since no

V * See equations and parameters of Figure 3.4-3.
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NET TORQUE = TN 
~~~~~~~~~~~ ~ ~I’ 

+ 1R~

• An CHANGE IN RELATIVE RATE IN - 
V

RPM PER 100 SECONDS

• I
~
, = 69.1 SLUG—FT2

• ‘R = 338.8 SLUG—FT2 J
• TN = NET TORQUE IN INCH-OUNCE

TN = 11.54 A iNCH-OUNCE

• T~ —T~ WI TH MOTO R DISABLED

• TN TM - T~ WITH MOTOR ACTIVE

*NOTE THAT ‘R IS DETERMINED BY KN OWLEDGE OF THE INITIAL
ROTOR MASS PROPERT IES AND THE AMOUNT OF HYDRAZINE

EXPENDED; I~, IS A FUN CTION OF ANTENNA POSITION , AND
WAS DETERM INED FROM THE CALI BRATION DATA TAKEN DURIN G
THE TESTS

I H

Figure 3.4-3. CalculatIon of Net Torque from Rate Data
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overshoot, required for convergence, occurred). Unfortunately , friction-
C only run-down was not permitted; instead, the bias comand was changed to

60 rpm and the run-down was driven by both the DMA motor and friction.
However , ass uming a motor torque of 170 in-oz, the friction leve l was 

- V

150 in-oz —clearly higher than the apparent friction torque at the
beginning of this third cycle. It is concl uded that the two DEA-DMA
dri ve channels produced similar results , wi th the differences at t r ibutable
to normal tolerance variations between the two dri ve channels.

The fri ction tests indicated an apparent growth in friction during
attempts to run-up to a relative rate of 80 rpm, accompanied by a
decrease in motor torque capability . The reduction in motor torque output
is consistent with lab test data (Section 6.5). The increase in f r ic t ion

torque has not yet been explained. However, It is probably due to therma l

effects . It is worth noting that an attempt to reproduce this data in
laboratory system tests was unsuccessful (see Section 6.1); nor have
thermal simulation results provided any ins igh t  Into this phenomenon

(Appendix A).

Further friction tests were planned, to verify the results of
Figure 3.4-1 and to study time-dependence of the drag torque. During
the initial phase of these tests , a DEA current trip occurred, putting
the system into the Standby mode and resulting In full spin-up of the M
platform. No further friction tests were performed in 1975.

The friction tests of 30 September yielded the following signifi cant
resul ts :

(1) The first direct measurements of fri ction torque were
obtained. These measurements verified the conclusion
that the friction Increase is mechanical (as opposed
to a DEA-motor torque degradation). Subsequent
“unplanned events ” (e.g., partial spin-ups ) add
further support to this concl usion.

(ii ) Motor torque capability in the saturated regime appears
to be speed-dependent. This phenomenon has been yen -
fled by subsequent motor tests .

(lii) At least two distinct levels of friction torque were
observed duri ng peri ods when the DMA motor was not
acti vated , indicati ng non-constant friction over the
period of the tests . 

V.
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(iv) No abrupt changes in fri ction wer” observed and no
t significant dependence of friction on speed was observed

during run-down .

If , as this data indicates , there was a growth In mechanical friction
during the attempts to run-up to 80 rpm, no clear explanation has been
revealed by thermal simulati ons (Appendix A and Section 5); that is , the
thermul simulations have not shown any critical thermal gradient (e.g.,
across the snubber gap in the power module - see Section 4 - or across
the main bearings) to have reached extreme values duri ng periods of
friction growth). Nor has it been possible to duplicate these results
in laboratory system tests (Section 6.1). The true explanation may be
subtle (for example, a speed-temperature effect involving the retainer of
the DMA top-main bearings). Finally, these on-orbit tests were not repeated
in 1975 due to the desirability of maintaining operational sta tus for 9433.
The resul ts may have been due to a non-repeatable transient condition.

Subsequent to these tests, orbital dynamic tests were conducted which
were similar to the friction tests. Results were considerably different
(Section 3.6), due partially to the decrease in average friction torque in
the interim (approximately 3.5 months).

4
4 -
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3.5 Recovery Data V

Several unsuccessful recovery attempts were made, in which despin of
the platform was ini tiated but ceased after a partial revolution in some
cases and after a couple of revolutions in other cases. Eval uatio n of the
earth sensor data (either earth chordwidth or rotor spin rate) provides - -

some measure of the resistance torques encountered during these despin
attempts .

3.5.1 InterpretatIon of Earth Sensor Data V

The earth sensors can be used to measure either the earth ’s chord-
wi dth or the spacecraft spin rate. From these measurements, the despun
pla tform positi on and/or rela tive rate may be determi ned , from which
friction torque magnitudes can be deduced.

3.5. 1.1 Ctiordwi dth Data

The relatioship between the chordwidth scanned by the earth sensors
and the spacecraft attitude in the di rection towards the earth (Roll) is
shown in Figure 3.5-1. The earth sensors nominally point +60 from the

V equator.

When the despun platform Is completely spun up, the dynamic imbalance
of the platform (~8 sl-ft 2) causes the spin axis to tilt approximately
3.5 deg relative to the spacecraft centerl ine . This will cause the earth
sensors to read a roll error of between -3.5 and +3,5 deg depending on
the relati ve position of the rotor (containing the earth sensors ) and
the platfo rm (unbalanced by the narrow coverage antennas) at the time
the chordwidth measurements are taken . The relationship Is expressed
as follows , where at o = 0 degrees, the rotor and platform +Z axes are V

aligned. 
- -1 ROLL ERROR +0 - s i n  (— 3 5  )

3.:

,
,/

‘

:_RELATIVE PLATFO~ \POSITION - DEG
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3.5.1.2 Spin Rate Data
The changes in the rotor Spin rate data can be used to determine the

friction torques between the rotor and platform according to the following
expression

1 + 1V f 1s in 1R~~t 
V

where l
~ 

= friction torque

= spin thruster torque

= Dr-IA motor torque - 
V

= spin mo(ncV.nt of inertid of the rotor

= change in rotor spin rate

At = time interval

For the initi al recovery attempts , this expression was:

If = 9.4 — 35.6 
~~ 

(ft ib)

where ~s = spin ratt~ change in flPFI

At = t ime inttwval in seconds
I

= 8.5 ft lh V.

T,~ = 0.9 ft lb

= 340 s1 ft2

The va lues of spin thruster torque and rotor moment of Inertia change

C 
as fuel  Is expended, thereby requiring an update of these numbers for later
periods .
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I L
The realtive spin rate is relatcd to the rotor spin rate by the

following expression when no thruster tor es are being appl ied (i.e., on ly
DMA motor and/or friction torques are cha ng i ng the relative rate)

_ ‘R~~~
1P0REL - T~ 

(
~ 

- WROT0~

where 
~REL = relative rate between platform and rotor

1R = spin axis moment of inertia of rotor

= spin axis moment of i nertia of platform

= spin rate of coin~letely spun up spacecraft

WROIOR = spin ~a~e of rotor :
I

For the ini tia l rec very attempts , this expression was

0REL = ~~~~~~~ 

~ o 
- ROIO1O

Friction torque can also be calculated from the relative spin rate
as foll ows.

AL T I
f — 

in ~t 
X 1 T
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3.5.2 Initial Recovery Attempts (13 September 1975)

After the platform spun-up on 13 September, an attempt to despin the
platform was made by turning on the motor. The spacecraft spin rate was
approximately 41 rpm at this time . Despin motion was initiated ; however ,
relative motion cedsed after slightly over one-half a revolution . The
relative position , as deduced from earth chordwidth and spin rate data, is
plotted vs time in Figure 3.5-2. DMA friction ranging from 130 to 240 in-oz
are deduced from these data .

A second recovery attempt was then made utilizing the spin-up thruster
to augment the DMA motor torque. A fi fteen second firing of the thruster
was performed while the motor was also turned on. This added an effective
DMA torque of approximately 300 in-oz to the motor stal l torque of approxi-
mately 170 in-oz. Again , relative motion was initiated , bu t ceased after
approximately three-quarters of a revolution . Rotor spin rate measured
during this attempt is shown in Figure 3.5-3. These data indicate that
the resistance torque was approximately 500 in-oz at the end of relative
motion , however , i t  was initially less than 470 in-oz in order for the
rela ti ve motion to start. Another attempt was made i n the same manner 

V

producing no relative motion , thereby implying that the resistance torque
was still in excess of 470 in—oz.

3.5.3 Thirty RPM Recovery Attempts (20 October 1975)

On 20 October two recovery attempts were made with the spacecraft
spinning at slightly over 30 rpm. The first attempt utilized the axial
thrusters to induce nutation and the spin thrusters to augment the DMA
motor torque . Despin was initiated during this attempt; however, rela ti ve
motion ceased after slightly over two and one-half revolutions . V

A second attempt was then made utilizing the DMA motor and i oth the
spin-down and spin-up thrusters in a pulsing mode. Again despin was

V initiated but ceased after slightly over two revolutions of relative
mo ti on.

The spacecraft attitude data and deduced relative spin rate and
position for these two attempts are shown in Figures 3.5—4 and 3.5-5.
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The data seems to Indi cate that the spin-up thruster firing was most

infl uential in initiating the motion. The periods of constant relati ve
rate implies that the friction torque was essentially equal to the motor

torque, i.e., 170 in-oz . Higher values of torque spikes apparently occurred

for short periods to produce sudden changes in relative rate. A slight
increase of relative rate was noted just prior to the stoppage of relati ve
motion on the first attempt.

A subsequent reduction of spacecraft spin rate to 20 rpm and
repositioning of the narrow coverage antennas to reduce the spin axis tilt
from 3.5° to less than 10 allowed a successful recovery. Both the spin
rate change and antenna repositioning reduced the DMA bearing side loads ,
apparently thereby alleviating the friction torques sufficiently for the
DMA motor to complete the despi n maneuver.

3.5.3 Platform Stopping Positions

The relative positions between the platform and rotor after the
various spin-up events and unsuccessful recovery events are shown in
Figure 3.5-6. These positions do not indicate any preferential position .

1’
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900
DIRECTION RELATIVE

• 7 1 PLATFORM ROTATI0~

6
7’4

0° —f-- 1800 +Z ROTOR AXIS

9
8

2

• 2/0°-
+Y ROTOR AXIS

• DESIGNATES -Z PLATFORM AXIS POSITION, i.e., N.C. ANTENNA POSITION

NO DAT E T IME EV ENT COMMEWrS

1 9-13-75 53000 INITIAL SPUN UP POSITION

2 9-13-75 53174 AFTER RECOVERY ATTEMPT USING SL IGHTLY OVER 1/2
DMA MOTOR ONLY REVOLUTION

3 9-13-75 73800 AFTER RECOVERY ATTEMPT USING APPROXIMATELY 3/4
SPIN JERK REVOLUTION

4 10-3-75 INITIAL SPUN UP POSITION

5 10-3-75 8350 AFTER ROTOR JIGGLE @ 50 RPM APPROX 1/2 REVOLUTION

6 10—20-75 32700 AFTER SPIN liP, BEFORE 40
RPM RECOVERY ATTEMPT

APPROX 1/ 4 REVOLUTION
• 7 10-20-75 38200 BEFORE 30.8 R PII AXIAL

RECOV ERY ATTEMPT APPROX 2.5 REVOLUTION
8 10-20-75 40080 BEFORE 30.9 RPM SPIN THRUSTER

RECOVERY ATTEMPT 
APPROX 2.1 REVOLUTION

9 10-20-75 40220 AFTER 30.9 RPM SPIN THRUSTER ,J
RECOVERY ATTEMPT

L Figure 3.5-6. Approximate Position of Despun Platform and
Rotor During Various Spun-Up Conditions -
F3 Spacec raft
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3.6 OrbItal Dynami c Tests
L During early January (1976), 9433 performance became erratic due to

relatively large and frequent torque transients. Performance was similar

to that observed on December 11, 18-19, and 27-28. However, the loss of
normal control was sustained for a much longer perlod.* On 14 January,

a series of orbital dynamic tests were conceived to: 
H

• Exercise the spacecraft In an attempt to modify Its behav ior
in a favorable manner

• Obtain additional data pertaining to the friction characteristics . V
Tests here initiated on ‘15 January in Search Mode at a rotor (and

platform) rate of 35.5 rpm. The plan was to run—up the platform , in the
rate mode, to an inertial rate of approximately 20 rpm end then to return
it to the starting rate by an unpowered rundown (providing a direct
friction measurement). Steady-state despun performance in Search Mode
was then observed for a period of time to determine if any Improvement
in performance had been achieved. If so, Normal Mode was attempted ; if
not, the spin rate of the rotor was increased and the above procedure was
repeated. Table 3.6-1 presents the chronology of the tests conducted on
15-16 January 1976.

The fi rst runup/rundown cycle (s teps 1, 2 of Table 3.6-1) was
uneven tful . It was noted that rate control in the overspun condition
seemed much smoother than while despun. The rotor rate was subsequently
Increased to 47.5 rpm by spin thruster firings (step 3).

Runup of the relati ve rate from 47.5 rpm to 72.1 rpm (step 4) was
similar to the previous runup , as was the rundown (step 5) similar to
the previous rundown . This data is plotted In Figure 3.6-1. Note that
the torque appl ied between the rotor and platform can be computed from
the change in rate: V

* As of this writing (‘1/22/76), Normal Mode operational periods are
generally less than one hour. However, availabilities as high as
80% are being mainta ined by SIC personnel . 

-
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Table 3.6-1. Sutmiary of Dynamic Tests: 15-16 Jan 1976

‘F

1. 66191 — 66765Z: RUNUP OF P-P FROM 35.5 RPM TO 60 RPM; E-E 39.8 RPM
AT END; VERY SMOOTH CONTROL WHILE OVERSPUN.

2. 67164 - 67538Z: RUNDOWN TO 35.5 RPM. NOISY CONTROL WHILE DESPUN.

3. 68536 - 69700Z: SPINUP OF E-E FROM 35.5 RPM TO 47.5 RPM. NOISY
CONTROL WHILE DESPUN.

4. 70885 - 71395Z: RUNUP P-P FROM 47.5 RPM TO 72.1 RPM; E-E a 51.8 RPM
AT END; VERY SMOOTH CONTROL WHILE OVERSPUN

3 5. 72117 - 72501Z: RUNDOWN TO 47.5 RPM; NOISY CONTROL WHILE DESPUN.

6. 74444 - 74554Z: NORMAL MODE ATTEMPT

7. 75248 - 76350Z: RUNUP P—P FROM 47.5 RPM TO 72.1 RPM; VERY DIFFICULT —

RUNUP AT TIMES; SMOOTH CONTROL WHILE OVERSPUN.

8. 80816 - 89990Z: RUNDOWN P-P DOWN TO 60.2 RPM. SMOOTH CONTROL ;
CONTROL GENERALLY ROUGHER THAN AT 72.1 RPM.

9. 82618 - 827l3Z: RUNDOWN P-P TO 53.7 RPM . CONTROL ROUGHER THAN AT
60.2 RPM. - -

10. 84066 - 84168Z: RUNDOWN P-P TO 47.5 RPM; E—E = 47.6 RPM ; NOISY
• CONTROL WHILE DESPUN (WORSE THAN AT 53.7 RPM, BUT

NOT MUCH WORSE)

11. 84883 - 858h Z: SPINUP E-E FROM 47.6 RPM TO 59.9 RPM. CONTROL WHILE
DESPUN INITIALLY SMOOTH, LATER NOISIER. P-P = 59.9 RPM.
SMOOTH CONTROL IN SEARCH MODE UNTIL TRANSIENT AT
00725+ (‘~.22 MINUTES); THIS TRANSIENT DROVE 

P-P DOWN TO

4, 57.8 RPM

3-67
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Table 3.6-1. Sumary of Dynamic Tests: 15-16 Jan 1976 (Continued)

12. 01002 - 01538Z: RUNUP OF P-P FROM 59.9 RPM TO 84.8 RPM. SMOOTH
CONTROL WHILE OVERSPUN . E—E = 64.3 RPM.

13. 01826 - 026432: RUNDOWN TO 35.4 RPM; IMMEDIATE TURNAROUND VIA

“PWR AMP ON’.

14. 02643 - 03952Z: RUNUP OF P-P FROM 35.4 RPM TO 84.8 RPM. PROGRESS
SLOW AT TIMES .

NOTES:

• PERIODS MARKED BY ASTERICKS (*) ARE PLOTTED IN SUBSEQUENT FIGURES.

• P-P IS MEASURE OF ROTOR-PLATFORM RELATIVE RATE FROM MAGNETIC PIPPER.

• E-E IS MEASURE OF ROTOR RATE FROM EARTH SENSOR PULSES.

• TIME INTERVALS ARE SYSTEM TIME IN SECONDS (ZULU).

ii

C
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• 1921R1P____________ = l1.8A~1 ln—oz

where = 333 s1ug-ft~, I~ = 71 slug-ft 2, and ~ is the change in

relative rate (P-P) in rpm during a 100 second interval . Again steady-

state control while overspun was smooth and the bearing temperatures were

seen to decrease. Rundown showed torque variations , wi th the largest

torque occurring when the despun condition was approached. This data is

generally comparable to the friction test data of 30 September 1975 shown
in Figure 3~4_4•* By comparison , the friction level was generally lower
in these more recent tests but showed greater variations (a characteristic

noted at various times since 28 November 1975).

Following this runup/rundown cycle , Normal Mode operation was attempted
and sustained for approximately two minutes (step 6). A second runup to
72.1 rpm was then executed (step 7, Figure 3.6-2). Notice the striking
difference between the runup periods of Figure 3.6-1 and 3.6-2 which
(given no change in friction characteristics) shoul d have been identical .

The apparent decrease in friction as overspin increases is also of
interest.

At this stage, it was apparent that friction l evel (or at least fr’~c-

tion transients) are decreased by introducing a platfo rm inertial rate
(which , due to the platform mass unbalance , causes s i del oads on the DMA).
In order to examine this phenomenon further , the platform was spun down
in stages (from an inertial rate of about 20 rpm , to 10 rpm, to 5 rpm ,
and then despun) as noted in steps 8, 9, and 10. A general decrease i n
the quality of rate contro l was noted as the platform inertial rate was
decreased. However, no abrupt transition at a particular speed was
observe d; rather , the change in performance qual i ty appeared to be
gradua l .

The rotor rate was next increased to 59.9 rpm (step 11), closely
approximating its despun value at the time of the friction tests of

* However , i n those tests , the despun rate was , at a ll times , 60 rpm.

I
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30 September 1975. The platform was then overspun to 84.8 rpm and then

allowed to despin to 35.4 rpm by turning off the DEA power amplifier

(steps 12 and 13, Figure 3.6—3). Notice that the overspin rate was

easily reached (compared to Figure 3.4-2 where the same equipment was

in use), with net torques higher than before (and, therefore , lower
friction torques). Rundown also showed lower friction torques than in

Figure 3.4-2. Note also that the friction torque was h’ghest (but
not markedly so) near the despun condition (60 rpm).

As the final step, the platform was driven back up to a relative

rate of 84.8 rpm by re-activating the DEA power amplifier. This opera-
tion is shown in Figure 3.6-4, whi ch shows a performance character i sti c
which contrasts markedly with the data of Figure 3.6-3, while showing a
similari ty of the data of Figure 3.6-2. Note that maximum friction again

occurs near the despun condition.

A review of the orbital dynami c test results yields the following
conclus ions :

• Overspin of the platform results in quieter rate control .
Thi s is (apparently ) a monotoni c funct ion of the overspeed
bias. Underspin may give the same result but was not tested
as a steady-state condition.

• The reduction in rate errors whi le overspu n i s probably due
to a reduction in the amplitude and/or frequency of torque
transients . Average torques are still higher than nomi nal
(torque voltage ~-1 0 vol t to -2.0 volts in the period from76350Z to 8O8l6Z).

• Runup and rundown data are not repeatable. Based on limi ted
data , a bistable situation may exist (I.e., Figure 3.6-1
compares well wi th Figure 3.6-3, while Figure 3.6—2 compares
well with that portion of Figure 3.6-4 above the 60 rpm l evel).

• The runup and rundown data also tends to indicate higher
fric tion torques at despun speeds than whil e overs pun or
underspun.

• Sideloads due to platform unbalance are probably the factor
causing the speed dependence of friction.

L 
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4. FAILURE MODES AND EFFECT S

Table 4-1 del’neates potential failure modes related to the 9433 despin
control anomaly. These failure mechanisms are grouped according to location ,
considering the three modules of the DMA and factors external to the DMA.
For each fa i lure mode, the anticipated performance characteristics are
described. A final column indicates the basis of the performance charac-

terization . These bases are analyses , tests, consultant experience
(Appendix G), and inference (i.e., engineering judgment).

These failure modes are presented without reference to their likel i hood
of occurrence nor their consistency wi th orbi tal data. Section 11 discusses
the correlation of these failure modes with orbital data, drawing conclusions
regarding thei r relationship to the 9433 despin control anomaly.
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5. THERMAL/DIMENSIONAL ANALYSES
‘I,

5.1 Thermal Analyses

The thermal analysis activities consisted of:

1) To simulate the detailed temperature profile behavior using

telemetry data for boundary conditions and check points.

2) Modifi cation of the Ball Brothers thermal model of the DMA
to provide an analytical tool to simulate the S/C 9433 DMA
thermal behav ior

3) Utilization of the DMA thermal model to assist mechanical
designers in their investigation of possible failure mechanisms .

To establish a credible thermal model for simulating the DMA thermal
behav ior in orb i t, an existing Ball Brothers Research Corporation thermal
model was modified by TRW to acconinodate actual S/C 9433 boundary condi- V

tions and torque motor thermal characteristics . This modified DMA thermal
model was further refined into a second model which closely examined the
motor shaft.

A. Thermal Model Verification. The DMA heater on activity of
8-9 September was selected for simul ation since it offered a long transient
heating duration wi th continuous temperature and error voltage (torque
motor power) telemetry. This activity also offered long term data on the
response of heater thermostats.

The results of the heater activity simulation showed good correlation
with the flight telemetry as shown in Figure 5.1-1. In this simulation ,

all the friction increase (81 in—or) was placed in the top bearing,

distributed equal ly between Its inner and outer rings.The slow DMA transient
response implied that most of the DMA induced heating is quickly absorbed
by the spacecraft compartments and may therefore mask any local heating

effect. The heater thermostat’s response was 90°F open and 89°F close.

B. Steady State Thermal Simulat ion. The DMA temperature telemetry

for the 1974 year is comparable to that of 1975 prior to September 1.

After this date, the telemetry showed an increased temperature gradient
from a previous 4°F level to 7°F between the upper and lower main bearings
which would Indicate an increase in energy dissipation in the upper portion
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of the DMA. This gradient Increased still further during the heater—on
activities of September 8-9, but it returned to the pre-heater-on level
after the termination of the heater activity .

In order to gain some insi ght to the DMA anomaly and thermal behavior ,
several postulated failure mechanisms were introduced into the thermal
model , and their outputs (modal temperatures) are- compared with the tele-
metered data . The telemetry information of 13 November 1975 was selected
for this case because of the relatively stable state of the DMA .
Figure 5.1-2 shows the location of nodes in the thermal model . Table 5.1-1
lists the boundary conditions , check points , and the predicted temperatures
based on 9 postulated cases.

It can be seen from Table 5.1-1 that Case 6 (for example) correlates
well to the telemetry data and that the temperature gradient between top
and bottom bearing thermistors agrees with the 7°F telemetry data. It
must be pointed out , however , because of the limi ted telemetry data and
the small temperature differences among a ll the postulated cases , the
simulation results can be considered only consistent rather than conclusive .
Table 5.1-2 lists the ciritical temperature gradients in the DMA , for
consideration ,ln dimensional analysis.

A second steady-state simulation was performed using higher boundary
conditions from 13 September telemetry data : platform interface temperature
of 85°F; 60 rpm; and 116 in-oz tota l torque . The outputs are tabulated in
Table 5.1-3 and the critical temperature gradients are listed in
Table 5.1-4.

One important observation derived from these two simulations is that
the motor power increase due to higher fric ti on load has a more dominant
thermal effect that the bearing friction itself. Temperature gradients
rema i ned i ns ignifi cant i n the structure module regardless of bearing fric-
tion value or location ; larger gradients are developed in the power module
due to motor power dissipation . This conclusion is further substantiated

t 
by the DMA temperature predictions based on motor power dissipation as
tabulated in Table 5.1-5.
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Table 5.1-2. Critica l Temperature Gradients from Steady-State
Simulation (November 13 , 1975, Telemetry )

____ _____ _____ ____ 

CAS E NO. 
____ ____ ____

r 
_________________________ 1 2 3 4 5 6 7 8 9

Ton bearing thermistor 68.2 68.2 74.7 74.7 68.6 76.0 76.0 75.0 75.4

Housing thermistor 63.3 63.0 67.5 67.5 63.1 67.9 67.9 68.4 68.2

t~T’s:

Top-bottom thermistors -.8 -.8 5.7 5.7 -.4 7.0 7.0 6.0 6.4
(38-14)

Bottom bearing ID—OD 5.9 .9 5.2 5.2 6.0 5.3 5.3 5.0 5.2
(9-10)

Top bearing ID-OD 2.6 2.9 1.0 1.2 .8 1.1 1.2 4.5 -0- - -

(11—12)

Motor w i n d i n g  - stator 10.1 10.2 104.4 104.3 10.5 104.1 104.0 103.4 107.3
(32-33)

Snubber inner-outer 6.0 6.1 49.0 49.1 6.3 49.0 48.8 48.5 61.0
(31-30)

Housing - shaft 4.9 5.4 4.7 4.7 5.4 4.9 4.9 3.8 4.3
(8—13)
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Table 5.1-4. Critical Temperature Gradients From Steady State
Simulation (September 13 , 1975 Telemetry)

CASE NO.

1 2 3 4 5 6 7 8 9

Top-Bottom Thermistors 2.1 2.0 11.1 11.7 1.4 13.4 13.9 10.7
(38-14)

Bottom Bearing 10-00 — 3.7 .7 -4.7 -4.8 -3.9 -4.6 -4.6 -5.6
(9-10)

Top Bearing 10-00 -1.9 -2.2 -4.3 -4.3 .5 -4.0 -4.2 7.1
( 1 1—12)

Motor Winding - Stator 7.7 7.6 122.1 128.9 7.2 121.6 128.4 126.0
(32-33) T

Snubbe r - Inner-Outer 4.6 4.5 54.7 57.5 4.2 54.2 57.0 55.5
(31-30)

Housing - Shaft —3.1 -3.4 -3.7 — 3.8 -3.7 -3.4 -3.5 -6.8
(8-13)
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C. Steady State Shaft Temperature Gradient Analysis. A more refined
thermal model was used to map the circumferential thermal gradients of

both motor and main beari ng shafts. The results are shown in Figure 5.1-3.

Because of the asyninetri c motor windin g configuration and heat distrib ucion ,

circumferential gradient at the motor stack was 27°F. This shdft gradient
dropped to 3°F at the snubber ring and 5°F at the interface of the motor
and main beari ng shafts. Due to the superior thermal conductivity of

beryllium (bearing shaft) over titanium (motor shaft), no gradient appeared

at the top bearing mounting diameter. This is indicative of no therma ,

distortion at the bearing/shaft interface.

D. Transient Simulation of Orbital Data. In addition to the simula --
tion of September 8-9 heater-on activity , two other transient simulations
were attempted.

• An on-orbit friction test was simulated and its predicted results

are compared with the September 30, 1975, telemetry data , as
plotted in Figure 5.1-4. (A 96 in-oz friction in the top bearing
was used to simulate the orbital data~.) The two main

beari ng temperatures correlate closely wi th the telemetry data ,

but the 2° to 3°F di screpancy between the telemetered and
predicted housing temperatures could be caused by two factors:

1) the platform thermistors might not establish an accurate
boundary condition for the DMA ; and

2) the platform thermi stor reading might be at its high end

of tolerance.
As a reference for dimens iona l analys i s , the temperature
gradients across the two main bearings and the snubber ri ngs
are plotted in Figure 5.1-5.

• The major friction transient occurring on 13 October was also

simulated, and the comparative data was plotted in Figure 5.1-6.

The key temperature gradients are recorded in Figure 5.1-7.
The predi cted temperatures are all within the tolerance range

of telemetry data ; note, however , that the simulation again

predicted housi ng temperatures higher than observed in orbital

4 - data .
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These runs were generated in an attempt to correlate periods of high

- 
friction torque with extreme values of critical thermal gradients (i.e.,
at the bearings and at the power module snubber). In the friction test
data (Figure 5.1-4), the peak torque period is 52400Z to 53000Z; the only
significant correlation is wi th the top bearing gradient (Figure 5.1—5),
which is too small in magnitude to be of concern. The same conclusion
can be applied to the second case (Figures 5.1—6 and 5.1-7). The thermal
gradient at the snubber gap continues to grow (and, therefore, reduce the
gap) throughout each run , wel l beyond the period of extreme torque. This
data tends to suggest that interference at the snubber is not responsible

- 
- 

for either the increase in average torque or the occasional large torque
trans ients.
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5.2 DimensIonal Analyses

5.2.1 Introduction and Scope —

The dimensional analyses represent an attempt to identify a design-
dependent (i.e., predictable) mal function mechanism , explaining the steady-
state friction torque increase exhibited by the Despun Mechanical Assembly
(DMA) of 9433. The anomaly is characterized by a steady-state torque
demand from the DMA motor of approximately 90-100 in-az and the random - 

-

increases of that torque demand lasting for time periods of 60 ms or
greater. The noted steady-state is a 55-65 i n-oz demand increase with
respect to the nominal level of 35 in-oz. This torque increment is the 

‘ 
-
‘

principa l factor to which the ma l function mechanism will equate if indeed
it is a true model of the observed anomaly.

The basic approach characterizing the analyses is: (1) hypothesize a
l i kely mechanism of malfunction; (2) test the hypothesis by analysis and 

- -

available orbital data; and (3) reject or accept the hypothesis. The
analyses itself is keyed to evaluating the dimensional sufficiency of
the major elements in the structural and power modules by subjecting
them to variations of the temperature environment, temperature Induced
loading, and the platform induced loads duri ng spun-up conditions . The
specifi c dimensional changes considered were those of the bearings , their
installation fit-ups, and their preload mechanism ; also considered were
the critical dimensional suitability of the beari ng ball retainers wi th
their associated race and ball. The possibility of bearing inner race
rotation was also examined. A summarizing discussion of the significant
study aspects associated with the anomaly and the related conclusions are
given in the paragraphs that follow . The details of this work are
assembled in Appendix B.

5.2.2 DMA Characteristics

A general description of the DMA is given in Section 1.2.1 (see
Figure 1—3). Figure 5.2—A is a sectional view showing the primary ele—
ments of the structural module: main bearings (90 MM and 110 MM);
lubricant reservoirs ; thermistors (for telemetry); mounting flanges;
and preload mechanism. Tables 5.2-A and 5.2-B siminarize the principal
characteristics of the main bearing elements.

V 
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Table ~.2-A. Bal Bearing Dimensions

= _ W ILh

Bore -- ____________________

OD ___________________

Reference : BBRC Source Control Draw i ng 32709

BearinQ Size
Dimensions -________________

I 110 mm Bore 90 ~~~ Bore

~~ Bore , Inc h (110 ~~
) 

~~~~~~~~~~~~~~~~~ (90 ~~
)

“~ OD , In ch  

— 

( 150 “~~~ 
( 125 ~~

)

Width , Inch 
~~~~ 

(20 mm) 
~~~~ 

(18 mm)

No. of Balls 23 21 
V

*~~ Ball Diameter , inch 
~~~~
. 1

~~~~ Shaft Diameter , I nch ~~~~~~~~~ 

- -i
*~~* Housing Bore , Inch

* AF BMA ABEC-7 bear ing tolerances .

** AFBMA Standard Grade Ten (10) ba Il size variation .

*** From BBRC drawings - 32703 shaft and 327 13 hous I ng.
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Table 5.2-B. Beari ng Reta iner Dimensions

—~~~~~ b

V. 

~~~~
-

~~~~~~~~~~
1

~~~
E?--E

~
) 

_ _ _ _  _ _ _ _ _

Mate ri al : NEMA Grade LE Pheno l ic

-I

- Bear ing Size
Retainer Dimension ________________ ________ —

110 mm Bore 90 mm Bore

OD 5 .278 _____

5.268 11.31+9

ID 
11.883 4.002
4.891 4.010

W~d ( 0.700 0.685
i th W ) 0.695 0.680

Ball Pocket (b) 
-______________  ______________

Outer Race Land 5.1+36 4.518
Bearing, Dia. 5.440 5.522

I nner Race Land 11.843 3.962
Bearing , Dia. 4 .84 1 3.960

C
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5.2.3 Structura ’ Module

(A) The As~-ect of Friction T~fljue. The beari ngs ’ Coulomb friction is

domi nantly a function of the co-tangent o~ the load contact angle and the
magni tude of the axial or thrust load. (Radi~~ loads were not considered
inasmuch as thei r amplitudes are small in the

despun condition.) The load contact angle i tself varies di rectly at the
beari ng ’s elastic deflection and inversely as the algebraic sum of the
beari ngs ’ initial di ametral clearance and the shaft ’s and the housinqs
diametra l changes . The latter are induced by initial beari ng fits onto
the housing and the shaft and the temperature variati ons of these elements .
The functional relationships of the bearing friction torque imply that its
increase is affected by either (1) diametra l changes of the housing and the
beari ngs in a direction that reduces the contac t angle; or (2) an i ncrease
of the thrust load; or (3) simultaneous occurrences of both factors .

(B) Temperature Effects on the Beari flg Suspension System - I
• Radial motion of Beari ng Susoension Eien~nt~.

V

. Radial temperature variation of the suspension components was
taken as the dominant forci ng function that causes diametral
changes of the housing , the shaft, and the beari ng races.
The latter consisted of three diametral variati on components ,
namel y:

(1) Changes of the hous i ng ’s ins i de diameter and the beari ng ’s
outs ide diameter wi th respect to the initial interference
or clearance values between them, existing at a reference
installati on temperature of 72°F

(2) Changes of the bearing ’s ins i de di ameter and the shaft ’s
. 

V 

outsi de di ameter wi th respect to their ini tial inter-

ference or clearance values , existing at a reference
installation temperature of 72°F.

(3) Changes of the beari ng outer race inside diameter and the
beari ng inner race outside di ameter as a function of their
temperature variations .
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The major assumptions were :
(1) The nearing o a Il a~ameter was not cons idered

thermally dependent by virtue of the

small diameter that renders insignifi cant diametral changes
when compared with the effects of the DMA ’s s tructural
elements and the beari ng races

(2) Unless otherwise specifi ed , the s teady-state temperature
of the housing was assumed to approach the temperature of
the outer race outside diameter.

To develop an understanding of the sensitivi ties involving the
geometri c changes in the beari ng suspension system , the upper

and the lower temperature bounds for specific mechanical events A.

associated wi th the beari ng friction variati ons were determi ned.
These are presented in Table 5.2-1 together wi th remarks of

plaus ibility. Unless otherwise noted, the calculated temperatures
of elements were constrained by the assumption that except for the
bear ing sus pens i on element cons idered, al l others were reta i ned at
the reference temperature of 72°F.

The immediate effec t of the mechani sm of the thermal di ametral
component expans ion is to i ncrease the bearing fr iction by a
reduction of the load contact angle value in the presence of a
constant beari ng preload. Large bearing friction increases can
be only induced by clos ing the existing clearances between the
OD of the shaft and the ID of the beari ngs and by forcing the
beari ngs internal clearance to approach zero value. As indicated
in  Table 5.2-1 , the beari ng suspension components temperature
conditions required to create the geometrics required for large
friction development are not plausibl e in vi ew of the orbital
and the thermal simulation data.

• Axial Motion of the Bearing Suspension Elements

The operational success of the beari ng suspension design depends
on the maintenance of the free floating inner race of the “top”
bearing (90 MM) In both radial and axial directions in order to
retain the nominal condition of the bearing preload mechanism

~~~ 1P’
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Table 5.2-1. Diametric Dimensional V~riati~,n of Bearing SuspensionComponents — a Function o~ iemperature I -

Temperature @ 
t- 

- 

-

Mechanical Event Bottom Top Remarks

Brg. Brg.

• The temperature of the housing at (1) Temperature not
which loose fit will occur between (1) (1) plausible in view of -. 

-

ID of housing and OD of bearing 241°F 275°F the orbital and thermal
simulati on data.

• The temperature of the housing at
which di ametral clearance will no (1) (1)
longer exist -162°F -220°F (2) Possible event.

• Inner race temperature at which
tight fit will occur between inside (3) Considered because lubri-
diameter of bearing and the outside (2) (1) cation depletion factor
diameter of shaft 70°F 49°F external to the bearing

elements will cause an
• Shaft temperature at which tight fit (2) (1) increase of both the ‘-

,

wil l occur 86°F 168°F outer race and the
inner race temperature

• Shaft temperature at wh ich the levels. Lubrication
beari ngs ’ diametra l clearance no depletion , both exter-
longer exists (for assumed inner na) and interna l to the
race to shaft temperature di fference (1) (1) beari ngs , w i l l  cause
of 4°F) 118°F 130°F larger gradients .

• Outer race temperature at which the
beari ngs ’ di ametral clearance does
no l onger exist (for assumed inner
race to shaft temperature difference (1) (1)
of 4°F] 340°F 260°F

• Inner race temperature gradient( inner rac e less shaft temperature
at wh i ch the bearing ’s diametra l (3) (3)
clearance no longer exists 50°F 62°F
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•

(see paragraph 5.2.2). The latter introduces a weak spring
1., i n ser i es wi th the shaft ’s, the bearing’s and the housing ’s axial

sti ffnesses. This affords axial thermal expansIon of the housing

with respect to the shaft wi thout i nducing large thrust loads.

This thermally-induced relative displacement is a function of F 
-

the product of the bearing center-to-center distance , the coefficient

of thermal expansion of the materials envolved, and the differ-
ence of the average temperatures of the housing and the shaft.

This di splacement is dominant in considering the suspension
performance. Other displacements (i.e., those which are a function

of the axial temperature gradients along the housing and the shaft)

appear to be insigni ficant -in comparison.

Of In terest is to note that a relative displacement of 0.003 inch

will saturate the preload mechanism (refer to paragraph 5.2.2).
This means that any further axial displacements will produce
increases of bearing thrust load and thus the bearing fricti on.
The temperature gradient (average temperature of the housing less
the average temperature of the shaft) necessary to achieve such
a condi tion approaches 67°F. The magnitude of such a gradient is

- - not consistent with either the orbital data or test and thermal
simula tion data. Note also, that to develop the saturation of the
preload mechanism, the average housing temperature must be
greater than the average shaft temperature. This , of course, leads
to the conclus ion that the higher the shaft temperature with
respect to the housing , the smaller is the possibility of saturat-
ing the preload mechanism. The last statement is somewhat mi tigated
by the discussions of the previous topic from which it may be
deduced that the axial motion of the inner races of the bearings
can be produced in the direction that also cause the saturation
of the preload mechanism. The latter occurs as a di rect consequence
while accommodating the changes of the contact angle caused by the
thermally-induced diametral variations of the pertinent suspension
components. Exemplifying, small bearing contact angles require the
inner race of the DMA’s top bearing to be displaced towards the
preload mechanism (see paragraph 5.2.2). 

- These two aspects,
as well as the increases of the thrust load, is further discussed
In the subsequent paragraphs.
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(C) Detail Considerations of the Bearing ’s Fri ction Torque

• Orbi tal Performance

To determine the effect of temperature variations on the amplitude of

the beari ng Coulomb friction , pertinent diurna l orbital tempera- I -

tures occurring on 8 September 1975 were selected. These,

together with the calculated friction for both bearings , are
shown on Figure 5.2-1. The plots reflect the effects of the

normal preload of 64 pounds and the geometric var iations of the
beari ng suspension components by the temperature envi ronment. 

- 
-

Notice the insignifi cant torque variation of about 0.6 inch-oz

during one diurnal period. 
A.

• Performance as a Function of Stipulated Temperature Gradients

Since the telemetered thermal data for the DMA obviously did not
provide the mechanism explaini ng the observed anomaly, various
temperature gradients between the pertinent bearing suspension
components were considered and their effects on the bearing
friction was estimated.

(1) Aspect of Lubri cation Depletion - It appeared reasonable
to assume that depletion of lubricant in the neighborhood
of the top (90 MM) bearing will cause an increase of its
inner race temperature. To determine this effect on
perfo rmance , a 37°F temperature gradient between the shaft
and the ins i de di ameter of the bear i ng was considered
The latter was based on an order of magnitude increase of
the existing heat flow coefficient of conduction. The
temperature envi ronment of the other DMA elements was
retained at levels shown on Figure 5.2-1. The imposed
conditions resulted in a maximum friction torque increase
of 1.5 ln-oz.

(2) Friction Torque as a Function of Inner Race to Shaft
Gradient — The analysis of the hypothesized temperature
gradient of item (1) was extended to the variations of the
friction torque as a function of the discussed gradient
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with all other temperatures retained at levels defined

by the thirteenth hour of the diurnal DMA ’s temperature

profile shown on Figure 5.2-1. The results of this work
(Figure 5.2-2) indicate that to obtain the anomaly ’s
nominal torque increase of 60-in-oz, the temperature

gradient must approach 270°F.
The necessity of such a large gradient is caused by a

relatively low rate of change of the load contact in the

region of the bearing ’s zero diametral clearance. It

follows that the sensitivi ty of the friction torque to the
subject temperature gradient would be much higher should
the bear ing’s preload be reduced.

• Friction Torque as a Function of Preload Mechanism Saturation

The saturation or closure of the preload mechanism was in part
discussed in paragraph (B). Here the subject is extended to the

quanti tative summary of the preload saturation effect on the
bearing friction torque. There are at l east three factors
that influence the closure of the preload mechanism:

- the radial temperature gradi ents between the bearing
suspension components

-
- the angular misalignment of the i nner race of the 90 MM

bear i ng

- jamming of the clearance between the i nner race of the
90 MM beari ng and the s haft.

(1) Temperature Gradients Effect - The axial closure motion V

is a function of the bear i ng’s reduction of Its
di ainetral clearance by the thermal gradients and the
relative displacement of the housing wi th respect to the
shaft due to the difference between the average temperatures
of the housing and the shaft. This motion is in part 

- 

-

mitigated by the elastic displacement of the bearings
produced by the bearing ’s thrust load. Using the DMA ’s
thermal conditions of Figure 5.2-1 and stipulating a

-‘ --
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37°F temperature gradient between the inner race of the

90 MM bearing and the shaft, the closure situation
depicted in Figure 5.2-3 was developed. Should the

temperature gradient (average temperature of housing less

average temperature of shaft) reach a value of 149°F, the

anomaly ’s ~ torque results. Notice that for a nominal

temperature gradient of 3.7°F between the 90 MM bearing

inner race and the shaft (rather than the 37°F stipulated

above), the necessary total gradient c~T (average tempera—
ture of housing less shaft) to result in 60 in-oz

bearing friction torque is 216°F.

The bearing friction torque values due to the gradient
(AT) are shown on Fi gure 5.2-4. In order to recognize the
magni tude of the thrust load, associated with the gradient
AT, the relationshi p of these two quantities is also given
on Figure 5.2-4. Figure 5.2-5 depicts the bearing friction
torque as a function of the thrust load. Notice that the
calcula ted correspond-encc wi th the experimental data is
sufficiently good for acceptance wi th reasonable confidence
the analytical relationships given on Figure 5.2-4.

(2) Angular Misalignment of Bearing - Geometrical ly , by
vi rtue of the pertinent radial and axial clearances
(associated with the top bearing and the preload mechanism ,
respectively), it is possible to produce an angular
misalignment that saturates the preload mechanism . The
maximum angular quanti ty about an axis perpendicular to the
rotational axis of the DMA associated with the misalignment .
approaches 0.0485 degree of arc. This angle produces
(refer to Figure 5.2-6) an increase of the bearing friction
by 16 in-oz . Hence, to achieve the anomaly-associated
torque increase in accordat~ce to Figure 5.2-4, the required
temperature gradient is 128°F. 

-

(3) Jammed Top Bearing ’s Inner Race - A hypothesis of the
following conditi ons

(a) the radial clearance of the top bearing , between the
inside diameter of its inner race and the outside
diameter of the shaft is jammed by debris - 

-
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(b) the intensity of jammi ng Is sufficient to retain the

nomi nal (0.003 inch) relati ve position of the beari ng
wi th respect to the preload mechanism under load,

(c) the axial load is produced by a thermal gradient
which is defined as the difference between the average

housing and shaft temperatures ,

reQuires a therma l qrad u~nt (Figure 5.2-4 ) of 169 °F
to satisfy the anomaly ’s observed ~ torque
increase of 60 in-oz.

• Feasibility of Anomaly DMA Torques as a Function of Thermal
Environment

Reference to Table 5.2-2, which summarizes the aspects of the
beari ng friction torque induced completely or partially by
the therma l gradients , indicates that the pertinent temperature
gradients requi red to produce the s teady-state friction charac-
teristics of the DMA ’ s orbital anomaly are inconsistent with I
either the orbita l or the thermal simulation data .

(D) Dimensional Anal yses of Beari ng Ball’ s Separators. A worst case
analysis envolving a review of dimens ional sufficiency of the ba ll bearing
retainers was performed. Considered were the separators associated wi th the
structural assembly ’s bottom beari ng (110 MM), top bearing (90 MM) and the
30 MM slip ring ’s assembly bearing.

The separator’s geometric sufficiency cri terion used in the presented
analyses were defined as:

• the di stance (c) between a point (P2) at the outboard edge of
the sepa rator ’ s thickness dimension and belongi ng to the locus
of points defining the outside diameter of the separator, and
the point of tangency (P1 ), associated wi th the separator ’s
pocket and its companion ball , must have a positive value . In
other words , the outside of the ball pockets must intersect
the balls above their equators .

• There must exist a clearance (c) between the 90 MM bearing
separa tor ’s width dimension and the washer, of the
preload mechanism,for the worst case of dimensional considerations .
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TABLE 5.2-i
Tempera ture Requi red for Anomaly’s

~ Frict ion Torque Increase

. . . Gradient Required to ProduceHypo~he~ized Conditions 60 in-oz Fri ction (°F)

• Temperature effects of local lubrication
depletion ir the neighborhood of the top
bearing are superimposed over the typ-
ical orbital temperature environment of
the DMA. The gradient between the inner
race and the shaft caused by depletion
is . . . 270°F

• Preload mechanism is saturated by a 40°F
gradient between the inner race ( top a

bearing) and shaft; superimposed over
the DMA’s orbital environment a gra-
dient, Al; (average housing less average
shaft temperatures) is . . . 147°F

• Nominal orbit , DMA ’s temperature con-
ditions exist. Gradient AT is necessary
to saturate the preload mechanism and
produce anomaly friction is . . . 216°F

• Nominal orbit , DMA ’s temperature con-
diti ons exist. Top bearing is misa-
ligned; the gradi ent AT is . . . 128°F

• Nomi nal orbit , DMA ’s temperature con-
diti ons ex i st. Preload mechani sm ’s -

axial clearance of 0.003 inch exists .
90 *1 bearing race is jammed on the
shaft by debri es; the gradient
Al is . . . 149°F

Note: Nominal bearing friction variati on for normal orbital operation is
0.4 in-oz. If bearing misalignment is assumed to cause saturation
of the preload mechanIsm, 17.5 in-oz torque increase would be expected.

C
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The magnitude and the direction of the defined edge distance (c )

were of interest because Increases of bearing friction can occur shoul d
e become less than zero, since the retainer might tend to be over-ri dden
(jammed) by the balls.

All the computed edge distance values , as shown below,were positive

Bear ing Edge Distance (c)

110 MM 0.026 inch
90 tIM 0.017 inch
30 MM 0.011 inch

quantities and appea red to be large enough for sati sfac tory bearing
performance, provided the edges of the separator have either sharp corners
or thei r chamfer’s dimension is l imi ted to smal l  values , say 0.005 inch.

However, since the deburring radi us or chamfer is not controlled by the
fabr-ication-~dj-awing, possibilit y exists that ‘c” can become less than
0.015 inch , the separator’s edge distances (~) for the bearings of interes t
become:

Bearing EØge Distance (c)

l ib MM 0.01 1 inch
90 MM 0.002 inch
30 MM -0.004 inch

The determination of the beari ng friction torque increase as a function
of a negative edge distance value was not wi thin the scope of these analyses.
However, for the reta iner ’s steady-state conditions , a coarse app rox imation
of the bearing torque -Increase is the product of the nominal friction torque
and the ratio of the negative edge distance to the beari ng ball radius .

Utilization of the latter i ndicates that small negati ve val ues of €
Ins ignificantly affect the bearing performance.

4 -
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The ~*~~st-case d~1~e’ estimate of the retainer-washer clearance (c)
resul ted in a value of -0.0030 inch. The consequence is a possibility
that the retainer can on occasion ri de against the preload washer1 much
as it can on occasion ride on the bearing inner race land. The effect
should not be a major one ; however , the design can and should be altered - - 

-

to eliminate this possibili ty.

(E) Relative Inner Race Rotation. To satisfy the concern that a

relative motion of a loose fitted inner race with respect to the shaft may
be a mechanism of increased friction torque, an analysis was conducted.
The fol low i ng conclus ions become ev ident:

• The friction between the spri ng-loaded washer and the shoulder
of the inner race (90 MM beari ng) is sufficient to prevent
the subject relative motion f~r the operational modes except
the launch vibration envi ronment.

• No source of dri ving torque amplification due to potential
“creep” of the race about the shaft was found . Internal gear set type
operation requires extremely high radial loading, far in
excess of what appears possible in any DMA under normal conditions .

The analysis was conducted under the following conservative assumptions :

(a) Elements of the DIIA are treated as rigid. Thus , there is no
mechanical fi l tering of motor-applied torques . This approach
is conservati ve unless the motor torques are applied at the
shaft natura l frequency, an i mpossible condition since the
motor bandwidth falls far be low this va lue.

(b) The spacecraft ro tor is treated as bei ng decoupled from the
motor due to high motor-to-rotor shaft compliance. This is
conservati ve as finite coupling would only tend to reduce the
preload necessary to “lock ” the inne r race to the shaft .

(c) The shaft is not in contact with the inner race , and the beari ng - -
located near the platfo rm flange experi ences no frictional !
mechanica l hysteresis-type losses. These condi tions again
requi re the most of the preload mechanism.
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5.2.4 Structural and Power Modules

(A) Aspect of Gap Closures

In both the platform despun and spun-up cases, conditions

exist that will induce relative dimensional changes between the

housing and the shaft mounted elements of the power module. The
magnitude of the elemental approachment (closure) is of interest

because it establishes design sufflciency,or shoul d complete and
susta ined closure exist , explains the anomaly. The highest

tendency to closure, because of its geometric location wi th respect

to the structural module, is the resolver snubber radial gap.
Hence, the estimate of its dimensional changes became the principal
objective of the subject analyses for both modes of the spacecraft

operation. The motor and the labyrinth seal in the neighborhood

of the top bearing were also considered for the spun-up mode.

(B) Resolver Snubber Closure in the Normal {Despun) 0~erationa 1 Mode
-:

Since the magnitudes of external forces acting on the DMA whi1~ despun are
insufficient to cause significant relative displacements of the P

shaft and housing mounted elements , they were neglected. The
principal sources considered were: (1) the motors’ magnetic radial
unbalance force,(2) material creep, and(3) thermal expansion.
Thetr effects are delineated.

Wors t Case
Source Gap Reduction

(1) Motor loads on shaft take up
any radial clearances between
shaft and inner races of
bearings .0016”

(2) Snubber grows In diameter due to
dimensional Instability of
mater ial , accelerated ~y ele-
vated temperature from motor
heating . 0023”
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Wors t Case
Source Gap Reduction

-
~~~ (3) Bracket grows in diameter due to

dimensional instability but not as
much as spacer because of lower
temperature. (Bracket may go out of

round because of unsyninetrical grain
orientation since It is fabricated
from plate) .0010”

(4) Spacer grows in diameter more than
the bracket, due to coeff ici ent of
thermal expans ion, as motor tempera-
ture rises. (Spacer 178°,

bracket 111°, motor dissipation =

20 watts - see Table 5.1-3) .0016”

(5) The AT across the diameter of the
motor shaft, due to location of the
windings on one side , causes
bending (for 12.6 watt power
dissipation) .0002”

RSS .0034”

9
Notice that although the manufacturing controls allow the minimum
radial gap of 0.002 inch, the nominal gap is 0.0085 inch , and
actual gap measurement of typical units is 0.005 inch minimum .

Comparing these facts wi th the 0.0034 inch gap reduction , it
is unl ikely that the DMA’s high friction is caused by the
snubber interference. Moreover , the thermal simulation data for
the high torque periods does not support this as the friction-
producing mechanism (see Section 5.1).

Cc) Gap Closures in the Spun-up Mode

Spin-up of the platform introduces loads not present in the despun
state due to product of inertia and the center of mass offsets.
The vehicle spin velocity produces moments and lateral forces 1

:

(primary centrifugal ) that act on the DMA ’s platform flange.
The consequence of the flange loads is a change in the dimen-
sional clearances between the housing and the 

- 

-
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shaft elements of the DMA. The determination of the magnitude
of closure as a function of the platform’s spin speed was the
dominant purpose of an analysis. The analysis considered two
loading conditions: (1) antennas inboard; and (2) antennas
outboard. The “antennas outboard” condi tion was taken to be
the nominal state for the standby mode of operation. In this
mode, the spun-up forces will cause the antennas to move outward
and away from the mass center of the spacecraft. The “antennas
Inboard” condition nominally exists while despun, and can be
maintained up to platform inertial speeds of about 20 rpm.

The analysis was conducted under the following assumptions:

• Only centrifugal forces were considered

• The resulting structural forces were taken to be point
loads. The shaft was considered to have continuous
securement along its interface periphery with the space-

- r craft. The latter is contrary to the actual four-point

flexible mount situation.

• The bottom bearing (110 ~4l) by itself Is not capable of
sustaining any moments applied to the housing.

• Line—to—line bottom bearing fit-up with shaft, and 
-

maximum clearance (0.001 inch) between the inner race
of the top bearing (90 MM) and the shaft were ~

- 

-

adopted for the analyses. It was also assumed that
misalignment due to the bearings’ clearance geometry

will -take place at the application of small magnitude —

loads.

• The magnetic unbalance forces of the motor were neglected

• Thermal effects were not considered.

4
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The analysis considered the total relative approachment to 
—

be the function of three effects (refer to Figure 5.2-7).

(1) The bearing looseness (clearance between inside diameter
of bearing [90 MMJand the shaft) causes relative rotation
of the housing wi th respect to the shaft. The direct
consequence is the misalignment of the beari ngs ’ outer
race with respect to the inner races. For the bearing
looseness effect, the housing and the shafts of the

V 

structural and the power modules are considered to be
of infinite stiffness (in bending). The housing rotates
wi th respect to the shaft about an apparent pivot point ,
a function of the radial sti ffness of the structural modu le ’s
housing , shaft, and the bearings.

(2) The second effect is attributed to the radial deflections
of the bearings. This tends to increase the angular
rotation of the housings wi th respect to the shafts.-

j P (3) The third effect considers the pertinent structural
deflections . Notice from Figure 5.2-7 that the slopes
of the structural curvatures of the structural module ’s
shaft and hous ing are opposi te in sense and, therefore ,
tends to mitigate the sumed effect of the first two
aspects.

The results of this analyses for the two loading cases are
presented in Table 5.2-3 and Figures 5.2—8 and 5.2_9.*

Inspection of the table and the snubber closure plots reveal
the following :

• The reaction forces are larger for the bottom bearing
than for the top bear ing In the “antennas inboard” case
and conversely in the “antennas outboard” case. The
reason for this phenomena is the polari ty reversal of H
the despun lateral force acting on the DMA flange.

* It is of interest to note that (at the snubber) the closure due to side
loads can be combined with the closures due to dimensional changes (thermal
and material stability) by repl acing i tem (1) of 5.2.4(B) by the values from
Fi gures 5.2-8 and 5.2-9.
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• The resolver sn~ .-~ closur3 ~~~~~~~~~ yc~ ~~eed is not
a funct ion of th~ square of the spin-up
velocity. There are severdi effects that force this lack
of correspondence. These are:

(1) The geometric loosness of the top bearing causes almost
instantaneous misalignment of the housing with respect f .
to the shaft, upon appli cation of small radial forces
to the bearings.

(2) The bearings ’ elas ti c ax ial deflec tions , due to
preload, tend to stiffen the bearings with respect
to radial forces until the latter are sufficiently
high in magnitude . This occurs at bearing reactions
approaching 250 lbs .

(3) The initial geometric looseness noted in item (1)
also infl uences the bear ings ’ races misalignment
angle. Analysis indicates that the rate of change
of the bearings ’ radial deflection is lower for
relatively high values of mi salignment. In general ,
the DMA’s bearing misalignment angle decreases wi th
application of radial load.

(4) The bearing ’s radial deflec tion effect, excluding
i tems (1), (2), and (3), is not dominant in
establishing the value of the snubber closure. - -

Analyses indicate that the structural curvatures
of the shaft and the housing (due to external loads)
are opposite in sense. Therefore, the initial value
of closure will tend to decrease wi th increasing

spin spced. Notice that, eventually ,
when the shaft ’s curvature slope becomes completely

dominant, the value of the snubber closure will
start to Increase.

1~
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(5) Of some interest is the snubber closure characteristic vs

spin-up speed for the “antennas inboard” case. Here, at
approximately 60 rpm, the value of CR begins to increase ,
whereas for lower speeds, it was a decreas i ng funct ion.
The reason for this occurrence is the fast rate of decrease
of the bearings ’ axial deflection which renders more corn-
pliant bearing to radial load .

(6) Notice from Table 5.2-3 that the bearing radial deflection
effect is more -dominant for relatively short distances (a ) to
the elements of interest (refer to Figure 5.2-7). T~Is Is
exemplified by the labyrinth seal closure (C ), in wh ich
case the closure values appear to decrease very closely

with the spin-up speed and thus the bearing loads . The
infl uence of the structural curvatures is not as significant.

(D) ~pnc1usions H
The most critical clearance in the DMA is at the power module
(resolver) snubber. Analyses indicate that for both the despun
and the spun-up platform conditions , c l osure of the resolver
snubber gap is unlikely, but (in the despun case) possible wi th
the Phase I DMA assembly procedures.

C 
.
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- (. -- 5.2.5 Sjnnary of Conclusions

The analyses performed led to the conclusion that the DMA ’s dimensional
configuration Is sufficient and will not cause the observed anomaly. This - :

statement excl udes the effects of the lubri cant deterioration , the sl ip ring
assembly, and the motor performance

At most, a 17.5 in—oz friction torque increase from nominal is
predicted for conditions observed in 9433 orbital data. This torque is
the consequence of hypothesized top bearing misalignment causing a locked
preload mechanism condition . There is also the possibility of intensifi-
cation of the vehicle pointing disturbances due to marginality of the
bearing ball separators. The possibility of interference of resolver
snubber gap exists ; however , analyses above (as wel l as evaluat ions of
orbital data and tests) indicate this to be an unlikely source of the
observed orbital anomaly.

Analyses have indi cated questionabl e dimensionery of the bearing
retainer, an area which should be addressed for the Phase II DMA.

I

I
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6. SYSTEM , ASSEMBLY , AND COMPONENT TESTS

In support of the 9433 anomaly investigation , a variety of laboratory

tests have been conducted, including :

• Closed loop system tests using flight configured 
—

hardwa re

• Assembly-level DMA tests

• DMA component tests (bearings, slip ri ng assembly, motor ,
and power-module snubber) . -

A portion of the component tests were performed at Aerospace Carporation

and witnessed by (or reported to) TRW personnel ; these Aerospace tests are
reported here to the extent permitted by availabl e information . 

V .

6.1 System Tests

The closed-loop system tests were motivated by the unexpected results I
of the on-orbit friction tests (Section 3.4). The primary objective was

to attempt a duplication of the friction test data (i.e., the torque
saturation phenomenon). A secondary goal was to study motor-electronics
operation in the saturated regime .*

Laboratory system tests were conducted usi ng the qualifi cation model

DMA (S/N3-2) with its rotor interface (shaft) flange moi~ ted on a pier
and an inertia fixture (the “orange slice”) mounted on the platform
(housing) flange. Thus , in this test configuration (which Is the one
normally used for laboratory despin tests), the rotor is stationary while

the platform rotates. In order to simulate the abnormally high level of
friction observed in 9433, a spring-loaded Teflon rod was pressed against 

-
‘

the orange slice near its periphery, with the contact pressure adjustable
to provide varying friction levels. 

-

In several respects, this test set-up is not representative of the

orbital situation :

• The weight of the orange slice (approximately 400 lbs)
is supported by the lower main bearing of the DMA , thus
adding to the preload of this bearing and increasing
the friction torque.

44;
* Subsequent motor tests were more fully Instrumented in order to provide
definitive motor-electronics test data (Section 6.5).

6—1
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S The motion of the oran ge sl i ce produces addit ional
deceleration torques due to windage.

• Convective effects due to orange slice motion produce
cooling not present in the orbital situation .

• No attempt was made to duplicate orbital thermal
interfaces (i.e., the tests were conducted at room
temperature in air).

Figure 6. 1- 1 suninarizes the resul ts of five tes t runs. Run (~i~ is
a run-down (equivalent to a platform spin-up in orbit) with the motor
unpowered by turning off the DEA power amplifier and no external friction
load. The friction level at 60 rpm was estimated at 57 in-oz from the
rate data ; moreover , a noticeable speed dependence was observed (i.e., an
average friction torque of 49 in-oz in the 40-50 rpm range, compared to
an average of 69 in-oz in the 70-80 rpm range). The overall increase in V

friction level can be attri buted to the increased load on the lower main
bearing and windage , with the speed-dependence primarily due to the latter
effect .

Runs 0 through (~
‘
~ represent performance wi th varying levels of

fri ction applied via the Teflon rod mentioned above. In Run c!~
,the

friction load was removed and the redundant motor winding was ful ly
shorted to evaluate the braking effect thus produced. These runs showed
a definite reduction in motor torque capabilit y wi th increased speed
(later verified by motor tests), but did not exhibi t the apparent increase
in DMA friction torque seen during the 9433 on-orbit friction tests. 
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6.2 DMA Assembly Level Tests

In addition to the system tests described above and the component

tests reported in subsequent sections , assembly-level DMA tests were con-

ducted on the life test unit (S/N 3-5), the flight spare unit (S/N 3—1),

and the qual unit (S/N 3-2). In these tests, bearing friction was measured

(with no load) by monitoring motor current. Performance of the life test

unit was samp led throughout the per iod of the li fe test; this unit and the
others were tested as part of the 9433 anomaly invest igat ion, with various
spin speeds considered. Figure 6.2-1 sun~narizes the torque history for the

DMA l ife tests; Table 6.2-1 presents the data from testing each of these
units duri ng November. None of these tests show results which are notice-

ably abnormal; all data is similar and within the regime anticipated from

a normal DMA. It is particularly notewrothy that the friction data from

the li fe test DMA, which disassembly showed to have abnormal lead deposits V

in the retainer of the lower main bearing (Section 7), is not remarkable.

Duri ng testing of the life test DMA in air, a clearly audible sound
was noticed to emanate from the DMA. This sound was recorded via a
microphone on tape and later analyzed . Unfortunately , the qual ity of 

P

the recording arrangement and the relatively short period of recording
prevents a definitive conclusion regarding the source of this sound.
Spectral analys is , using a repeating continuous loop technique to provide
low frequency data, showed the peak value of the low-frequency spectrum

to occur just below 0.5 Hz; this particular peak, shown in Figure 6.2-2,
appeared consistently in a number of data sampl es while none of the other
peaks shown in the spectrum seemed to be repeated. Since the retainer
frequencies (at 60 rpm) of the upper and lower main bearings are,

respectively, 0.4.46 Hz and 0.453 Hz, this spectral data sugqests that a
major low-frequency component of the noise was related in some manner to

retainer motion.

This data was also assessed in the high frequency regime, wi thout
using the repeating loop approach. The spectral data Is shown in
FIgure 6.2-3. Note that much of the characteristic (e.g., roll off at
high and low frequencies) can be attributed to the recording setup
(microphone and recorder). The peak at 60 Hz is simply line ripple , as
are probably those at 120 Hz and 180 Hz. However, there are other peaks
at approximately 460 Hz and 920 Hz (repeated In a number of data samples)
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which appear to be too high in frequency to be attributed to line effects.

These peaks may be from ambient (room) noise, since no background noise
tape was made at the time or they may be due to retainer whirl or sequeal -,

since they are characteristic of those frequencies found in ComSat Labs

data .* However, this identification of the noise as related in a retainer
must be regarded as possible rather than probable, since no additional con-

firiming data (such as visual observations or in eitu bearing torque
measurements) are available.

6.3 Bearing and Slip Ring Tests

6.3.1 Tests at Aerospace Corporation

During the early phase of the 9433 anomaly investigation , a number

of bearing and slip ring assembly tests were conducted by Aerospace

Corporation personnel . Table 6.3-1 is a summary of these results as

supplied to TRW. The following paragraphs further summari ze these

tests and their results.

P1

(U * C. J. Pentlicki , “Investigations of the Intelsat IV Bearing and Power
Transfer Assembly,” ComSat Technical Review, Vol . 13 No. 1, Spring 1973.
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6.3.1.1 Bearing Tests

The first group of tests involved DMA ~nain bearing behavior for the
conditions of jaming and the introduction of debris between balls and the
bearing races. These tests were not witnessed by TRW personnel , but
the reported results (by Aerospace) can be reduced to the following :

• The jamming of the races to force journal effects produces
torque values , which are much higher than the steady state
torque character i z ing the DMA ’s anomaly behavior.

• The impact of metaflic debri s on the beari ng torque, for the
test time period , wa: insignificant. The debri s were either
coined or thrown away from the ball track.

• Polymerized lubri cant (Apiezon C) resulted in a torque increase
of about 30-40 in-oz above the nomi nal value of 30 in-oz.

Quantitative tests were conducted on the main bearing subassembly, in
order to characterize bearing fri ction torques as a function of axial loads
and bearing misalignment.

• Bearing Friction as a Function of Thrust Load

The DMA was mounted to an a i r bear i ng ’s nul l seeking dynamometer.
A special axial loadi ng spri ng assembly was mounted in—line wi th
the DMA shaft to afford relatively accurate application of
various value thrust loads. An extension of the shaft passing
concentrically through the loading mechanism was dri ven by a
rate control servo motor. The bearing fr iction torque, reacting
against the null servo , was measured directly by the dynamometer - -

system, and the value of the appl ied load was a funct ion of the
cal ibrated spring deflection. The test data was taken at 60 RPM
and the results are given on Figure 6.3-1 . The data suggests
that lock-up of the preload mechanism will not produce steady
torques of the magnitude seen in orbit.

• Bearing Friction as a Function of Bearing Misalignment

Using the same test facility , and a nominal bear ing preload
condition of 64 ibs , top beari ng misalignment was induced by
installing shims of various thicknesses between the bearing
race and a plate fixed to the shaft. The resulting data
obtained at 60 RPM shaft speed is given on Figure 6.3-2.
This data shows inconsistencies wi th the observed orbital
data, inasmuch as the maximum beari ng misalignment geometri-
cally possible is 0.04 degree, and at this value , the bearing
friction increase from nomi nal is less than 15 in—oz .
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6.3.1.2 Slip Ring Assembly Tests

The slip ring assembly bearing tests were conducted by Aerospace
Corporation with the test facility described in Section 6.3.1. The

significant results were:

• The slip ri ng assembly bearings nominall y exhibit approximately
3 in-oz torque V

• When debris is introduced , the torque increases , but eventually
tends to return to the nominal friction torque value

• When subjected to jamming that forces a bearing journal effect
(small diameter bearing), the system friction increased
monotonically for the period of the test; for example , six
hours of operation produced 140 in-oz torque .

6.3.2 Tests at TRW

A number of bear i ng an d sl ip r ing tests have been run at TRW in the
course of the DSCS-II program. However, from a functional point-of-view ,
most recent testing has focussed on the assembly tests , system tests , and
motor/electronics tests reported elsewhere in this section . Specific
bearing cartridge functional tests have been run in support of the life
test anomaly investigation and wil l be reported when those studies are
complete.

Much component-level life testing has been completed and documented,
as summarized in Table 6.3-2.

C

6-14 

— - -. —- -.-. - - --  - - - V -  - - — —
~~~~~~
-

~

—-

~ 

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~- -~~ - - -
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--~~~~~~~~~~~~~~~~~~~~~~
- -

~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
• -



4 Table 6.3-2.

List of Reports Documenting 777 DMA Bearing and

Sli pring Assembly Life Test Results and Analyses

Life Tests/Lubricant Krytox 143AB Vac Kote

Three Month Drive Bearings 7521-381 7521-148

Twelve Month Drive Bearings 7511—733/73 7511-733/73
7511-786/73 7511-913/73

Thirty—Six Month Dri ve Bearings 7511-2610/75 75l1_2218/74(2)
7511-2422/75

Life Test DMA Bearings None Tested (4)

Twenty-Four Month Slipring Assembly See below See below
Bearings

Three Month Inspection 7521-440 7521-440

Twelve Month Inspection 7511—214/72 7511—410/ 72
7511—394/72
7511—411 /72

Twenty-Four Month Inspection 7511-2414/75 7511-646/73

Thirty-Six Month Slipring Assembly 751l-24l4/75~~ (3)
Bear ings

• Six Month Storage Bearings 7511-182-72 7511-182-72

(1) The Krytox 142 AB slipring assemblies were terminated prior to completion
of the testing

(2) Two bearings were examined and replaced after three years - operation. The
remaining bearings were tested for an additional year and have not yet
been examined.

(3) The 36 month Slip ring Assembly was run for a total of 4 years and has
not been examined yet.

(4) The Life Test DMA bearings are being examined .

L
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6.4 Snubber Tests

A nominal .00825 inch radial gap separates the snubber stator
from the opposing rotor. A failure mechanism was posed in which this gap

would somehow close, causing metal-to-metal rubbing. - The purpose of this

test was to determine what woul d happen if the snubber surfaces contacted

while rotating. Would they seize up, would they stabilize at some inter-
mediate friction torque condition , or woul d they wear away, caus ing the
friction to diminish?

A thermal gradient between rotor and stator coul d theoretically close
the entire nominal gap. This situation was unlilçely, however , since it
would requi re (under nominal conditions ) a gradient in excess of 330°F,

far greater than possible (see Appendix A). A more plausible situation
would be partial closure of the gap due to faul ty assembly and completion
of the closure by subsequent mechanical distortion such as material

Instability and/or more reasonable thermal gradients .

In order to evaluate the effects of snubber interference and estimate

the trends in performance which might occur, the laboratory test set—up
is shown in Figure 6.4—1 was conceived and implemented. A simul ated snubber

rotor element was mounted above the DMA as shown while a simulated snubber
stator was suspended via a fixed overhead frame. Both the rotor and stator

were machined to provide flight-type dimensions , material , an d surface
treatment. The stator was mounted via a pivot so that contact wi th the
rotor could be maintained via an adjustable spring load (which was monitored
using a load cell). During tests, the loading was adjusted to maintain a

constant total friction of approximately 110 In-oz, as i ndi cated by motor
current on an oscilloscope ; approximately 50 in-oz of this total friction U

was due to the snubber contact.

The test procedure was to run for a period of time and then to shut
down and measure the total decrease (wear) or increase in dimensions along

the contact radius. Figure 6.4-2 shows the radial wear resulting from a

two hour test In which a constant snubber friction of approximately 50 in-oz
has been maintained. The normal force was initIally 5.9 lbs and was steadily

reduced during the fIrst 11 minutes to 3 pounds . During this period, the
snubber was producing a black debris as the anodize coating was being worn
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Figure 6.4-1. Snubber Test Set-Up
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off. The reduction in normal force at constant torque indi cated an increased
shearing force. The shearing force stabilized after 11 minutes at a value
of approximately 1.41 lbs . This was representative of a coefficient of
friction of 0.47 between the snubber rotor and stator. Figure 6.4-2 indi-

cates that the total radial wear increased steadily at a rate of approxi-
mately .002 inch per hour. The wear debris after 11 minutes consisted

of galled powder, flakes , and rolled strands of aluminum .

The wear rates shown by these tests argue against the possibility of
sustained rubbing at the snubber , since contact pressures of the magnitude 

-
V

required to develop signifi cant frictional effects also cause wear rates
wh i ch , in less than two hours , would el iminate any interference possible
due to assembly tolerances, material creep, or therma l effects ~ection 5.2).
However, in employing the results of these tests, i t shoul d be remembered
that they were performed i n a l aboratory under amb ient thermal cond iti ons .
Thus , neither the vacuum of space nor the therma l condi tions of a DMA
snubber in orbit were accurately simulated .

r
.
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6.5 Motor Tests

The DMA motor tests included three tasks:

• establish general performance characteristics of the DMA motors.

• Investigate the effects of broken hypernik ring in the motor.

• evaluate the performance characteristics of the redesigned
(Phase II) DMA motor.

6.5.1 DMA Motor Performance

The purpose of tnis test was to determine the performance characteristics -4

of the DMA and its dr ive elec tron ics under certa i n con trolled con diti ons so
that their behavior and capabiliti es are better und!rstood. To accomplish this
task , a dynamometer table was set up as shown in Figures 6.5—1 , 6.5-2 and 6.5-3.
In includes an air-beari ng table which provides a nearly frictionless support - 

-

for the DMA. With the DMA housing mounted to air-beari ng table and the shaft
attached to a fixed structure through a torsional strain gauge and flexible
coupl ing, the output torque of the motor is measured by the pre—calibrated
strain gauge. The table speed is measured wi th a photo-electric detector and
counter. Two small control motors, one AC and one DC, are engaged to the air-
bearing table through a thin mylar belt. For each error (voltage compensated
error signal) setting, the DMA is allowed to spin at its no-load speed; then

- the control motor is energized wi th increasing potential so that its opposing

torque slowly brings the DMA/air bearing table to a stall. The output torque
and speed (strain gauge and photodetector outputs) are simul taneously recorded

on an X-Y plotter, thus creating the torque/speed curve.

A DMA motor was supplied by BBRC for this evaluation. In order to ascer-
tam the accuracy of test data, both the engineering model DEA and the fl i ght
spare DEA were used to generate a fami ly of torque/speed curves as a function 0-f
error (bias) voltages. These test results are presented in Fi gures 6.5-4 and -5.

A peculiar phenomena revealed by the t.est data is that the speed curves
do not converge to a peak torque as the error voltage is increased linearly

to a maximum value of 5 volts . Ins tead, they assume decl i ni ng slopes
(Figures 6.5~-3 and 6.5-4) at error voltages over 3 volts . Moreover, the torque

reduction appears to be speed-dependent - greater reduction with increasing
speed. This characteristic can partially explai n the net torque decrease near

80 rpm during the Ini tial friction test on 30 September 1975 (Figure 3.4-2).
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‘1:

* Test Data indicates that this torque decrease is due to a phase shift be-
tween the resolver signa l and the dri ve current to the motor. Referring
to Figure 1-4, this phase shift occurs due to the swi tching regulator being
duty-cycled by the current detector to maintain a limi ted motor current
in the saturated regime. This is equi valent to a reduction in the forward-
loop gain of the feedback loop consisting of the sunini ng ampl i fier, the
pulse—width modulator , the switching regulator, and the power bri dge. Such
a decrease in the open-loop gai n resul ts in a decrease in the bandwidth of
the closed-loop characteristic, with an attendant increase in phase shift
between the resolver demodulator output and motor input .

6.5.2 Effect of Broken Hypernik Ri ng

For the purpose of eval uating the possibility of a broken hypernik
ring as a con tribu tor to the apparent fr iction i ncrease i n the 9433 DMA,
the hypernik ring of the test motor was severed in four progressing steps,

* 
and the DMA friction and performance were measured at each stage:

(I) The hypernik ring was partially broken as shown in sketch “a”
below. It exhibited no increase in friction , nor any change
in performance.

(ii) The hypernik ring was completely severed at one location ,
- sketch “b ,’ but the ring retained its original contour even

though the two broken ends lost adhesion to the lami nation
stack for about two slot widths . Maximum breakaway torque
(mechanical) increased from 40 in-oz to 60 in-oz, because
each time the broken ends passed by a magnet in the rotor,
they were pulled and rubbed. However, running
friction and performance showed no noticeable change , even
after 8 hours of rotation at 60 rpm in both directions .

(iii) The hypernik ring was manua l ly separated from the stack for
about lIZ of the circumference ~iitnessed by Aerospacepersonnel). The breakaway friction varied between 140 and
200 in-oz. The maximum motor output torque could hardly
overcome the friction .

$
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(iv) When the hypernik rny was completely separated from the
stack , the friction jumped up to 30.5 in-lb. After some
forced rotation at 60 rpm for about 5 minutes , the friction
stabilized arourLd 20 in—lb ~ well in excess of the motor capability .

REDUCED TO ABOUT
1/2 THICKNESS (0.014..)

V 3w
~~

” I 
V.

TWO SIDES FILED AWA Y

a. PARTIALLY BROKEN b. COMPLETELY SEVERED

In conclus ion , results from the four cases investigated above do not
correlate to the friction level and DMA behavior observed. Consideri ng the
good adhesion and conformity of the ri ng to the stack, even af ter con~lete
severence, it is unlikely that the high friction can be attributed to a - -

:1 broken hyperni k ring.

6.5.3 Performance of Phase II DMA Motor

A test model incorporating the newly-designed DMA torque motor was
fabricated for comparative purposes (see Figure 6.5-6). The performance
curves are plotted in Figures 6.5-7 and -8, for 1.4 amp and 2.0 amp current
limiting, respectively. It is apparent that this new motor has a higher
torque sensiti vi ty than the minimum specified (130 in-oz/amp versus
102 in—oz/anç minimum specified). In the case of 2.0 anp limi ting, however , - :

the maximum output voltage of 28 vol ts was reached before current saturation.
Therefore, the droop in output torque at higher speeds was due to back emf
instead of phase shift in the current limiting ci rcuit. These results show
tha t the earlier mo tor test, us ing a Phase I motor , yielded results which
were not uni t dependent. In addition , an increase of the curren t li mi t to
2.0 anps significantly ameliorates the torque droop seen in Fi gure 6.5-4.
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7. DMA DISASSEMBLY AND INSPECTION

In conjunction wi th the 9433 anomaly investigation, both the life test
unit (S/N 3—5) and the flight spare (S/N 3-1) were disassembled and
lnspected.* In the first case, primary interest focussed on the effects
of four-year operation in a vacuum envi ronment. Examination of the flight
spare was particularly concerned wi th any deterioration or contami nation
which mi ght have occurred due to storage or hapdling . (It is noteworthy
that the storage and handling history of the flight spare unit closely
approximates that of the 9433 DMA prior to launch - see Secti on 8.)

Evalua tion of these units (in particular of the several abnormalities
found in the life test unit) is still in progress. Presented here is a
suninary of the preliminary results of DMA disassembly and inspection. L

7.1 Approach

In order to insure a successful disassembly, a detai led di sassembl~,
procedure was developed (Table 7-1) and employed systematically wi th each
unit. Prior to disassembly, each unit was tested functionally , as reported
in Section 6. Following transportation to the disassembly area (a clean
room), each unit was disassembled according to Table 7-1 . This operation
was performed at TRW by a BBRC technician experienced in the assembly and
disassembly of this unit, and witnessed by TRW and BBRC engineers. Exten-

sive photography was employed to assure a record of each step of the process.**
In addition, a disassembly notebook was maintained.

The procedure of Table 7-1 is based on (and incorporates by reference)
the BBRC DMA.assembly procedure. Appendi x C presents the comp lete

disassembly procedure (i.e., including the referenced documents).

_ _ _ _ _ _ _ _ _  ‘H

* Note that disassembly and inspection was already planned as part of the
life test program. However, the tests and examinations (still in progress)
have been far more extensive than originally planned .

** These color photographs are In the possession of A. H. Rosenberg of TRW and
~ can be reviewed upon request.
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7.2 Disassembly and Inspection Results

7.2.1 Life Test DMA (S/N 3-5)

Disassembly was initiated on 3 November 1975. Prior to disassembly,
oil spots were noted around the housing reservoir screw holes indicating

a slight oil migration due to capillary action. Black light examination
indi cated that no signifi cant quantity of oil was present in these spots. H

During the initial stages of disassembly, the minimum clearances In
various areas of the power modul es w~re measured:

• Upper resolver - >0.0085 in .

• Snubber - >0.006 in.

• Lower resolver - not measured 
-, 

-

• Motor - >0.010 in.

Following removal of the power module elements and the sli p ring module,
the structural module was rotated manually, resulting in a noise similar to
that recorded during pre-disassembly functfonal tests (see SectIon 6.) No
source of this noise was visually apparent in the assembled module.

Further disassembly allowed viewing the balls of the main bearings and
their inner races as well as the shaft. A relatively large concentration of - -

lubricant in the lower (110 MM bearing) end of the structural module was
apparent. Inspection of the inner races and the shaft journals indicated
the possibility of limi ted (<450) motion of the main bearing inner races.
The balls of the upper bearing were quite shiny in appearance, while those
of the lower bearing exhibited a buffed texture with heavy banding .

Dtsdssembly of the bearings led to discovery of a large (visual ly
apparent) quantity of metallic lead in the ball pockets of the lower bearing
retainer. Tables 7-2 through 7-5 summarizes the results of Inspection for
each of the life test DMA bearings . Mi croscopic examinations later showed
pi ts and dent patterns (“bear claws ”) in the 90 MM main bearing races and

poor surface finish on the balls of the 110 MM main beari ng .

Owing to the significant unexpected results found in testing and

Inspection of the life test DMA (i.e.: audible sound while rotating at

- 

;‘ operational speeds ; metallic lead deposits in the ‘110 MM bearing retainer

4 
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bal l pockets; migration of lubri cant toward lower end of structural module), ~
- 

-

an extensive life—test anomaly investigation was initiated , Including

• physical—chemi cal tests

• metallurgical examinations

• thermal simulation

• lubricant tranCfer analyses

• bearing dimensiona l measurements

• bearing torque tests

• review of bearing module tests and inspection .

These activities are still in progress and will be reported in a separate
document.

‘S

With reference to the 9433 anomaly, it should be noted that the life
test DMA — despite the obvious abnormalities observed - showed no significant
change In running torque as indicated by motor current drain. Perhaps the
result of primary note is the lubri cant degradation (i.e., departure from
expected state) shown by the lead deposits. This tends to support consultant
conclusions that the lubri cation system is marginal and that the 9433 anomaly -

is likely to have been initiated by degraded lubrication. No further
Inferences shoulo be made until evaluation of the life test results is

completed.

7.2.2 Fl ight Spare DMA (S/N 3- I)

Disassembly was initiated on 6 November 1975. Prior to disassembly,

the following noteworthy abnormalities were noted:

• One ali gnment mi rror was chipped

• The threads of MPU No. 3 were damaged -

• An accelerometer was found to be cemented to the shaft
at the rotor (lower) end

• 011 spots were noted around the housing reservoir screw
holes

• MPU No. 3 and MPU No. 5 had extremely small gaps
(<<0.0005 Inch)

7-13
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During the early stages of disassembly, the minimum clearances in
critical power module gaps were measured :

• Upper resolver- >0.008 in.

• Snubber - >0.0055 in.
• Lower resolver- not measured

• Motor - >0.010 in~
These results are very similar to values measured in the lif&~ test DMA and
noted above.

Upon further disassembly, the shaft and bearings became visible. No
major migration of lubricant (such as seen on the life test unit) was
apparent. However, there was a dark band below the shaft reservoi r,
suggesting a heavier concentration of oil than in other shaft and housing
areas.

Tables 7-6 and 7- 7 suninarize the results of inspecting the main bearings
after their disassembly.

Evaluation of these resul ts is continuing (although wi th less priority
than the life test anomaly investigation). 

-

No specific differences which relate to the 9433 anomaly are apparent.4

However, the abnormalities noted prior to disassembly suggest that a review
of assembly and handling procedures is in order.

7.3 Conclusions

At this stage, no direct link can be assumed between the 9433 anomaly
and the results of DMA disassembly and inspection ; indeed , no such resul t
was expected. However, from this exercise came the following conclusions ,
alerts , and reconinendations :

• A recomendation must be made to have better handling of the
DMA ’ s during assembly, transport, and integration at BBRC and
TRW . A plan should be established by Quality Assurance to
accompl ish this.

* The extreme closure of the MPU gaps is a potential cause of interl ~rence;
t 

‘ however , torques from this area would have a specific signature ana_J would
be seen early in operation (e.g., at so me point during the fi rst yearly
thermal cycle).
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( - • Workmanship and Inspection must be upgraded to eliminate the
misapplication of processing materials and damage to parts~
On S/N 3-1, epoxy spot bonding was positioned in the wrong
locations and scuffing of a cable handle occur red.

• Because of the large amounts of oil observed in the vicinity
of the S/N 3—5 110 MM bearing and very small amount in the
vicinity of the upper (90 MM)bearing, the design should be
assessed, considering all transport mechanisms to reduce this
potential problem on flight DMA ’s.

• The amount of molybdenum disul fide burnished onto the flame
spray a lumi num oxide should be more closely controlled (i.e.,
the thickness , total quantity,or process should be specified
to reduce the possibility of ~loS2 parti cles sloughing and
building up on the journals).

• The mechanism for lead formation in the life test DMA 110 MM bearin~,

must be understood, and the signifi cance of the lead upon performance H

-~nd l ife test eva luated.

• The metallic defects (e.g., in the bal l s of the lower main bea~ing)

are cause for concern and must be understood.

• Oil creep to the outer DMA housi ng surfaces through the housirj

reservoir screw holes should be eliminated.
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8. DMA ASSEMBLY, TEST AND STORAGE HISTORY

8.1 General Data

Eight flight despin mechanical assemblies (DMA ) were delivered to t

TRW In the period of August 1970 through March 1971 for usage on six
satellites , one spare unit, and one life test unit. In addition, 20 sets
of bearings were furnished for various life tests ; history of each bearing
by serial number Is presented in Table 8-1. In November 1970 it was dis-
covered that problems of bearing surface finish and possible retainer de-
lamination existed that might adversely affect bearing life. This led to
the return of all del ivered units to BBRC and a complete disassembly of
all bearings for Inspection and disposition .

Each DMA was assembled and tested to BBRC controlled and approved
drawings, specifications , and process and test procedures. When descrep-
encies occurred they were documented on Nonconforming Materials Report
(NMR) and dispos itioned through a Materials Review Board (MRB), or a TRW
Supplier Information Request (SIR) was sent to TRW for approval. Copies a- .

of all NMR ’s are included In each DMA end-item documentation (see Appendix D). - 
-

Once a unit is received by TRW it is controlled in Integration Stores and
the spacecraft integration and test area. A history of each DMA at TRW is 

- -

presented in Table 8-2.

8.2 9433 DMA (S/N 3-21

Spacecraft 9433 was flown wi th DMA S/N 3-2. During the assembly and

acceptance test period at BBRC any discrepancy was formally handled through

the Materials Revi ew Board. A history of the discrepancies Is presented
In Table 8-3.

Referring to Table 8-3, the only discrepancy that might be related
to higher running torques Is item 2. The dent to the Hypernick band

referred to was approximately .010 Inches diameter and 0.005 inches deep.
The ring Is bonded ci rci.anferentlally to the motor laminations and is
4.490 Inches in diameter and 0.44-Inch high. There , it can be seen

C
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______________________ 003 004 005 006 007 008 009 010 011 =
!SERIAL NUMBER (—1) (—3 1 (— 1) (—3 (— 1) (—3 (— 1) (— 3 (— 1) (—3 (— 1) (—3 (~]) (.3 .j) (—3) —1) (—3) (~

DELIVERY DATE 2/21 2/21 2/21 2/21 4/9 4/9 4/9 4/8 4/9 4/9 4/8 4/9 /22 5/145/14 5/14 7/22 5/14 j~

LUBRICATION STATUS ~) v v v v V V V V V V V V K K K V K K V

CONDITION OF SEPARATORS (2) s S S S 
- 

S NI 0 NI NI NI S S S - S — S

SURFACE FINISH 4/6 4/6 3/5 6/8 32 NI 6/8 6/8~NI 4/6 16 4 /6 6/8 /8 6/8 6/8 4/6 ~
(MAXIMUM READING) (3) 

________ _______ 

(I) 
________ ________ _______ _______ _______ ________

IJSEAGE (4) QS 2-1 2-1 QS BTMI BTM1 NA NA BIMI STill 3-1 3-1 K K K K K K 3—

CONDITION OF SEPARATOR (2) U 19 New U~ U NI U U U NI U 
~ A ew A A New A ne

(PER QAD #57 , REV. A) 8 9 10 10 11

FINAL USEAGE (4) EV SIT SIT EV NtWS NUF$~ RTV BTM 1 - - 3-5 3-5 BIMJ BIMI 81141 81141 81141 BIMi g
~l

_________________________ _______ _______ _______ 

(V) 
_______ ~~~~~ ~() 0) (K) CV) (K) (K) (V

______________________________ fl92 023 024 025 
- 

026 027 028 
— 

029 030 =SERIAL NUMBER 1—1 ) (—3 )( — 1) (—3 (—1 ) (—3 (— 1) (—3 (— 1) (—3 (—1) (—3 — 1) (— 3 ) —1 ) (— 3) (—1 ) (—3 ) 
~~

_ ‘

DELIVERY DATE 5/ 14 5/14 7/22 5/1 5/14 5/ 14 5/14 5/14 7/~ 5/14 5/14 sf14 7/22 5/1 1 - 5/14 W14 5/14 g,

LUBRICATION STATUS (1) V V V V V V K K V V N V V V - N N V K

CONDITION OF SEPARATOR (2) NI NI 0 0 NI NI S 0 S 0 S 0 NI NI - 0 S 0 S

SURFACE FINISH 8/10 6/8 NI NI 4/6 4/6 8/10 6/8 6/8 6/8 4/6 8 4 4/6 - 6/8 1/16 8/1~ 6/I
(MAXIMUM READING) (3) 

_______ _______ _______ ________ _______ _______ _______ _______ _______ —

USEAGE (4) BTM2 BTPt 2-1 2-1 81~M2 B1M~ K K FS FS K K 3-6 3-6 - FS K K K
______________________________ ________ ________ ________ - 

1.5cc 
________ _______ ________ ________

CONDITION OF SEPARATOR (2) A A A A A A A A A A A A A - A A A ~
(PER ~ D #57, REV. A) 22 22 23 23 

________ 

new 25 36 26 ew 27 ~8 28 29 30

FINAL USEAGE (4) 81141 Øfl4~ 2-1 2-1 - - 8Th3 BIMI 3-2 3-2 LI 81142 3.6 3-6 - SIT RTV 81M2 BrN
___________________________________ 

CV ) CV ) 
_________ _________ 

K) (K) 
_________ 

CV ) 
_________ 

(v) (K)
*Contamjflated - Pencil mark 

-—

CODES: (1) V - VACKOTED, N = NOT LUBRICATED, K = KRYTOX
(2) S SEPARATION, 0 = NO SEPARATION, NI = NOT INSPECTED, A = ACCEPTABLE PER QAD #57, U • UNACCEPTABLE
(3) 6/8 6,,to 8~, NI NOT INSPECTED
(4) 3—1 , 3—2, ETC; BTM1, BTM2,. ETC; NA - NOT ASSIGNED; QS QUAL SPARE; FS • FLIGHT SPARE; K - TO BE LUI

NUFS • NON UNIFO~I FILM STUDY; S — SCRAP; I RTV RETURN TO VENDOR; EV • ENGR LYALUATION ONLY
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Table 8-1. DMA Bearing Status

011 012 013 014 015 016 017 
— 018 019 020 021 

—

— 1) ( 3 )  (—1) (.3) (— 1) ( 3 )  .1) ( 3 )  1—1 ) (—3) (— 1) (—3)~1) ( 3 )  (—1 ) (..3 (— 1) (—3) (— 1) (—3 (—1) (—3

~/22 5/14 i/ 14 5/ l4~3/ l4 5/14 ‘/22 5/14 - 5/11 5/14 5/14 5/14 5/14 i114 5/145/14 5/145/14 5/14 5/14

K K ~ v V V K K - V V V V V V V V V V V K

S - S O S  S S 0 - 0  NI N i l  NI S 0 $  NI MI NI ~~NI

/8 4/6 I4’I6 6/8 /10 6/8 4’8 6/8 - 6/8 4/6 4/6 4/6 6/8 ~/8 6/8 ~/6 16,(32 1/6 4/6 . 6/8

K K 3-4 3-4 --3 3-3 K K - FS 3-5 3-5 3-2 3-2 ‘-7 3.7 Ni 81111 11142 81W FS

Sew A new A A  A new A A A U  A A U  A A NI ~~-11 12 13 13 14 39 16 16 20 17 12 18 iew 21
STill STill BIN) 3-4 3-3 3— 3 31143 B1M3 BTM 2 3-8 3-8 3-7 3—7 3-1 3-1 NUFS 11141 BW3(K) (K) CV ) 

_ _ _ _ _ _ _  

(x) (K) (V ) 
_ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  

V ) (K)

030 031 032 033 034 035 036 037 038 039 04-0 
—

—1 ) (—3 ) (— 1 ) (—3 (-1) (—3 ) ~1) (—3 ) (—1) (— 3) — 1) (— 3) (—1 ) (— 3) (—1) (—3 ) (— 1) (—3 ) .1) (—3 ) —1 ) (—3 )

/14 5/14 9/17 5/14 9/17 5 /lI ~/l7 5/14 9/17 5/14 9/17 5/14 9/17 5/14 9/17 5/14 9/li 5/14 9/17 5/14

N V K K K K K K K K Y  V V V V K y  V V  V K

S O S  O S  0 S O S  O S  O S  O S  O S  O S  0

1/16 8/l( 6/8 6/8 4/6 6/8 4/6 2W3( 4/6 6/8 4/6 4/6 6/8 6/8 4/6 14/16 6/8 12/14 4/6 6/8 - 
-

K K K K K K K K K K V V V V V V V V V V

A A new A A A new A U dir~ A A A U á,~.co 
A A ne’~30 31 32 32 33 new 34 011 037’ 25 30 35 

~~~
RTV ST42 51144 BTM 81144 01744 81144 SuM SIT SI SIT SIT BTh12 IJJFSBTTI2 81)13 BTM2 RIV 3-4 M.FS TM3

(V) (K) (K) (K) (K) (K) (K) CV ) (V) (K) (V) K)

UNACCEPTABLE PER QAD #57

K TO BE LUBED WITh KRYTOX; V TO BE LURED WiTH VACKOTE; SIT • STORAGE LIFE TEST-
N ONLY -
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that this dent could not possibly cause separation of the ring. All
the remaining descrepancies except for item 7 were mostly mi nor damage
to wi re leads which requi red detai led corrective action that did not
impact the reliability of the unit. Item 7 covered the bearing inspection
and retest discussed i n paragraph 8.1; a simi lar NMR exists for each DMA .

A handling history of the DMA S/N 3-2 at TRW is presented below.
After mating of the platform or inertia simulator , the DMA carried thi s
load (approxImately 450 pounds) until a demating occurred.

SIN 3-2 HANDLING HISTORY

18 Sept 70 Install DMA
3 Nov 70 Removed for braing inspection
21 Dec 70 Installed DMA
21 Dec 70 Installed inerti a simulator
22 Dec 70 Back EMF test
8 Feb 71 Spin/despin test complete
12 Feb 71 Remove inertia simulator
16 Sept 71 Mate platform
23 Feb 72 Demate platform
19 Sept 72 Mate platform
9 Jan 73 Demate platform
6 Feb 73 Mate (flight 6 despln)
15 Feb 73 Demate
9 Apr 73 Remove DMA (apply strip heaters)
25 Apr 73 Install DMA

28 Apr 73 Install inertia simulator
8 May 73 Remove inertia simula tor
10 May 73 Mate platfom
20 Jul 73 Demate (mixe r failure )
26 Jul 73 Mate platform
13 Dec 73 Launch (forward satellite)
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9. SYSTEM SIMULATION AND ANRLYSJS

9.1 Simulation Results

In an effort to better understand the nature of the bearing friction
changes in the S/C 9433, several different types of disturbances torques
were simulated using the computer program SIM777 described In Appendix E.
The resulting pointing error excursions were then analyzed and compared to
flight data , in order to characterize the disturbance torques.

In particular , it was desired to know the ampl itude and - ration of the
disturbances that were occurring on S/C 9433. Data used in this investiga-
tion consisted of the normal mode pointing error, whi ch was recorded once
every second, and the torque vol tage, which was recorded approximately once
every 2 mi nutes. The torque voltage is important because it gives a rough
indication of the steady-state friction level (See Appendix F).*

The simulation effort was directed toward “backing out” the size of
the disturbance torques by simulating disturbances , and comparing the
resulting simulated error with the flight pointing error. Basically, three
forms of disturbance torques and their resulting effect on the pointing
error were studi ed:

• Sudden shift in bearing friction level

• Impulsive disturbances (both amplitude and width of torque pulses -

were varied)

• Mul tiple friction pulses.

Data from rate mode operation which gives a more direct measure of friction

T ~~~ - torque has been discussed in Section 3.0.
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9.1.1 Step Change in Bearing Friction Level

The first case studied was the effect of a step change in the running
friction level (drag torque). In this case , step changes of various
amplitudes were simulated in order to determine the peak errors that would
result. In all cases , it was assume d that at the time prior to the dis-
turbance , the integrator voltage had reached its steady-state value (i.e.,
that va lue necessary to offset the running friction level and the motor
back emf).

Figure 9-1 is a plot of the peak excursion error due to various size
step changes in the bearing friction *. These curves are parameterized as
a function of the drag torque at the time of the disturbance , with the
maximum motor torque availabl e assumed to be 170 in-oz. It can be seen
that as long as the motor torque is not saturated , the expected peak error
is a linear function of the size of the step change and is independent of
the drag torque. However , in regions where , due to high drag torque , the
commanded control torque exceeds the motor capability , the peak error
inc reases steeply.

Figure 9—1 can thus be used to estimate the magnitude of the disturbance

torque by knowing the peak error (obtainable from flight data ) and by knowing

the drag torque (a rough estimate is obtainable from the motor voltage reading -~- ,

whi ch are recorded about once every 2 minutes).

Later results will show that these peak errors result whenever the friction

$ level changes for a duration of 10 sec or more.
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Figure 9-1. Pointing Error as a Function of Step Change in Friction Level
(Gain State 8)
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9.1.2 Friction Pul ses

The second level of investigation was concerned with the effect of
sudden short disturbance torques on the pointing error. In Figures 9-2 and
9-3 the peak errors resulting from disturbance pulses of various widths are
plotted. The amplitudes of the disturbance torques are parameterized.
Figure 9-2 assumes a drag torque of 60 ln-oz and Figure 9-3 assume s a drag
torque of 120 in-oz. In both cases, It can be seen that for large ampli tude
disturbances , the error increases as a function of pulse width up to about a
pulse w idth of ten to fi fteen seconds ; further increase in pulse width of the
disturbance torque has no effect on the peak pointi ng error. This is due to
the Integrator time constant (15 sec).

9.1.3 Simul ation of Observed 1.5 Degree Pointing Excursion

An effort was made to match the simulated resul ts wi th observed flight
data. Figure 9-4 is a typical pulse plotted from flight data from
September 10, 1975 when peak errors of approximately 1.5 deg were observed.
For s imula tion, a constant friction level of 120 in—oz was assumed.* If
the maximum available torque were 170 in-oz , then from Figure 9-3 it can
be seen that a torque disturbance of a minimum of 25 in-oz was necessary
to cause the pointing error. This is a significantly larger pulse than
the 5 in-oz that was hypothesized to be the result of retainer whirl .

* Later analyses of orbi tal data , employing the results of an in-depth
thermal simulation of the DMA , show the -2.1 vol t compensated error
signal to be equivalent to a friction level of approximately 100 in-oz
(see Appendix F).
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In order to duplicate the shape of the observed pointing error pulse,
(I.e., w idth, rise time, overshoot) torque pulses of various amplitudes and
widths that resulted in the same peak-error (‘~l.5°) were synthesized. These
pulses are show n in Figures 9~5 through g.g . The results are summari zed in
Table 9-1 .

Whe n the rise time and error pulse width are compared as well , It is
apparent that the disturbance torque pulse of about 25 in. oz. ampl itude and
15 sec width gives the best agreement between the simulated and observed pointing
error excursion.

It was noted in the above cases that the overshoot after the torque
disturbance was removed was not as high in the simulated case as was observed
in the flight data. It was then hypothesized that the sudden increase is
fr iction level was followed by “negative ” pulses , somewhat smaller in magnitude .
This is shown in Figure 9-9.

After having studied the effect of a single torque pulse on the pointing
error, the effect of multipl e friction pulses was considered . Figure ~-io shows
the response of the system to a train of friction pulses of 20 in. oz. amplitude ,
or 40 In. oz. peak-to-peak .

9.1.4 Configuration C Comparison 
- -

A question came up as to how wel l an improved controller (Configuration C)

wh ich uses a rate loop in additi on to the p latform posit ion loop in Normal Mode,
would perform in the presence of the di sturbance pulse that caused an observed
pointing error of about 5 degrees. To simulate this case, a running friction
torque of 120 in-oz was assumed (maximum torque capability = 1 7-0 in-oz),and a
disturbance pulse of 42 in-oz for 15 seconds was simulated. The results for

both controllers are shown in Figure 9-11. The configuration C resul ts show a

peak error of .065 deg; thus the rate loop virtually desensitizes the despin

control system to the effects of torque pulses.

* These simulation results were obtained prior to the signifi cant rate mode
transients. Torque pulses of varying amplitudes and durations have been
observed in this data.

** See 74.7531.9-07, “A Comparative Study of Three Despin Controller Designs
for Dual Spin Spacecraft”, H. Schelchel , 12 February 1974. 4
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Table 9-1 . Summary of Simulated Responses for Various Torque Pulses

PEAK ERROR
OISTURBMC( TORQUE (Fig.) REPONSE RISE TIME PULSE WIDTH OVERSHOO T (1)

(SiMULATED) (DEG ) (SEC) (stc) a-

I I25 1.44 10 20.5 26%

lO se

25 in J 1.45 10 22.5 33%
oz I
— 15 sec t~— I.

30 i nJ ) ‘Ioz 
1.51 7.5 18.5 22%

1.54 6.5 18.5 21%

4 sec

25 I
I 1 .45 10 20.5 52%
I 3O sec

—10 l5 sec! I 
___________

Flight Data Sept. 10 1.55 13 25.0 49%

Sept. 12 1.4 1C 21)

1.4 10 18

1.6 , 8 H NOT AVAILA BLE

1.3 10 20
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9.2 Spectral Analysis

Selected pieces of Power Spectral Density (PSO) data of platform

pointing error performance covering a four month time period (June to
September 1975) , up to the time of the first total spin-up are eva l uated in
this section. The data was furnished by Aerospace Corporation in the

form of plots and data listings and was calculated from platform point-
ing error data taken over operating time intervals lasting several hours.

The objectives of the analysis were to: (1) analyze the char-

acteristics and trends of the given PDS pointing error data base; (2)

transform the pointing error PSD data back to an equivalent torque

disturbance PSD; (3) compare the calculated disturbance torque PDS

to one case of ground test torque PSD data and; (4) relate the peaks
and trends of the disturbance torque PSO data to possible bearing

disturbance harmonics.

9.2.1 Data Analysis a-

The overall expected trends for the pointing error data base PSD

and the calculated disturbance torques PSD are summarized in Table 9.2-1
for the data shown In Figures 9.2-1 through 9.2-4. The discussion of
these trends is divided into (1) a discussion of overall chronological p

PSO trends for the pointing error data base; (2) a discussion of dis-
turbance torque trends In low frequency control band (less than 0.038 Hz),
and ; (3) high frequency trends In the band out to 0.5 Hz or one half
the sampling frequency. The correlation of the PSD peaks with bearing
frequencies and test data is also summarized after these discussions .
Additional details of the analysis are presented In Appendix I.

9.2.1.1 Overall Chronologi cal Pointing Error PSD Trends

(a) 6/27/75 to 9/01/75 Pointing Error Performance 
-

The performance summary Table 9.2-I shows that during the
three month Interval from 6/27/75 to 9/ 12/75 the peak pointing

- error PSD at low frequencies increases by a factor of 40:1,
where a 6 tImes Increase occurs within the l ast half month ,
(with In the first 12 days of September up to the time of the
first anomaly)

a--
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Table 9.2-1. Simunary of Performance 9433

Gain State 
— 

7 7 7 8
Date 

— 
6/27/75 8/ 12/75 9/01/75 9/ 12/75

Day 178 224 244 255 -

Opr.Start Time—Sec Zulu 53680 44531 42484 31746
Opr.Stop Time — Sec Zulu 55995 49206 44675 33992

Polntlng Error P50 (D2/Hz)
Control Band (f < .038 Hz)
Maximum 0.260 1.02 1.7 10,0

MInimum 0.012 0.03 0.15 1.0

High Freq. Band (f’0.038 Hz)
Average @ f~~0.O9 Hz 0.002 0.003 0.003 1.0
Peak ca f~~O.1 Hz O.05@.iOHz O,07@.llHz Q.006@.ilHz 9.O~.17FIz
Average @ f~~0.5 Hz 0.0015 0.001 0.0015 0.06

A Ground
Torque PSD (In oz2/Hz)

Control Band (fcO.38 Hz)
Maximum 140 1100 800 101,000 94

Minimum 4.2 9.0 12.0 800 1.0

High Freq. Band (f>0.38 Hz)
Average @ f~~0.09 Hz 2.0 6.0 20.0 8000
Peak 0 f -~O. 1 Hz 440* 950* 90* 90O,00~ 1100.2Hz *

Average 0 f~~0.5 Hz 550 1100 3000 220.000 800.42Hz 
~
‘

_________________________  _________  _________  __________  _______  
4500.92Hz a-~~~~

A

Mean Square2lorque -

(in]oz) x 0.5
End of Control Band

- 

- 
f=0.038 Hz 1.2 5.0 6.6 310

High Freq Band
a- f~~0.09 lIz 1.4 5.5 8.0 600

Before Jump f~~0.) Hz 1.4 5.5 8.5 1200
At Jump f~~0.’I Hz 7.2* 16.0* 8.5* 7000*

f a~~5 Hz 1000 
- 

260 500 _ 50 000 __________ a-

~~
- . In oz (RMS) f O.5 Hz 44.5 

— 
22.8 31.5 _ 315 

_________

* Peaks occur at frequencies listed in Pointing Error PSO Data
~~* Test Data Peaks
A Sensar Noise Including Quantizatlon Uncertainty • O.03a Degrees
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Although the platform pointing error PSO amplitude is Increas-

ing wi th time , certain similarities in the data are noticeable
- 

~ during the time interval or 6/27/75 to 9/01/75. For example,
the cutoff of the PSD pointing error data occurs asymptotically
at a rate of 80 OB per decade out to 0.1 Hz, and thereafter at

about 10 DB per decade to 0.5 Hz. The high asymptolic rate
is due to the inertia load effects which dominate performance

at frequencies higher than the control bandpass frequency
(approximately 0.038 Hz). This asymptote represents a constant

disturbance torque band line . The lower asymptotic rate at
the low PSO amplitude-high frequency position 0f the spectrum
is due to a combination of the effects of sensor noise, pointing

error quant-Izatlon , and sampling effects or folding occurring
at these frequencies. For example, if the PSD of broadband

sensor noise is considered equal to the noi se variance divided
by the sampling period or approximately 1O ’3 degrees squared

per second, it appears that the pointing error PSD asymptoti-
call y approaches this value . This indicates that pointing
error is down to within the sensor noise range at frequencies
near 0.5 Hz.

At low frequencies, however, the high pointing error trend
could be caused by high frequency 1 Hz disturbances folded
about 0.5 Hz or one half the sampling frequency. Since the
pla tform rotates at 1 Hz, there is a strong likel ihood of
bearing disturbances occurring at this frequency. Since
pointing error data is also sampled near this frequency,
large pointing error amplitudes occurring near 1.0 Hz could

be folded back and added to the low frequency pointing error.

However , the torque disturbances causing these large amplitude
high frequency pointing error excursions would have to be
signif icant because of the 80 DB per decade attenuation cone
tributed by the load inertia at high frequencies. These assump—

tions appear valid for the data In the 6/27/75 to 9/01/75
t ime period range. The preanomaly data taken on 9/12/75 does
show strong effects of folding over the high frequency range

(2
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(b) 09/12/75 PoInting Error Perfpnnance_ 
—

The 09/12/75 pointing error data shows approximately a 40 08
per decade attenuation for frequencies greater than the control
bandpass frequency of 0.038 lIz or approximately half the rate

of shown in the earlier cases. Furthermore, an ampl itude

shift upwards of 20 DB is noted for the low frequency end and

40 DB shift at the high frequency end (near 0.5 Hz). The

decrease in slope to one half the normal constant torque
Inertia l oad line 80 DB/decade can be explained by an increase
in the torque in the high frequency range. The departure from
the 80 08/decade trend noted in the earlier cases is also
significant since this Indicates the additive effects of fold-
ing at higher frequencies on the pointing error PSD. The

folding effect probably strongly influences the pointing error

PSD across the spectral band.

9.2.1.2 Calculated Torque PSD Trends

The torque PSD was calculated using the pointing error PSD data and
an effective broadband sensor noise of ~ degrees as inputs to the square

of the real parts transfer functions relating these inputs to the output
torque PSD. Three forms of control transfer relationships were developed
in the analysis. These Include : (1) linear control model ; (2) linear
model with the addition of a zero order hold in the pointing error output
channel ; (3) sampled data model which uses an impulse transfer function
representation of the control system. The latter two models were used
primarily to study performance in the high frequency band to separate
noise and folding effect from possible PSD peaking due to retainer dis-
turbances. The first two models provided substantially the same torque - 

- -

PSD data In the control band or frequencies below 0.038 Hz This appeared
reasonable since the sampling frequency is over 40 tImes the control sys.

tern band, so torque values within the control band appear accurate if
allasing effects are considered small (This appears val id for the first
3 cases up to 09/01/75). At high frequencies , the unexpected rise in
the calculated torque PSD required a re-examination of the pointing error

- - data at these frequencies and sources of error which Include sensor noise
estimation, quantizatlon effects and sampl ing, where these effects could
bias the torque PSD to higher values. Higher frequency p~rfonnance is

- g-20
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governed chiefly by the platform load inertia and is therefore outside

I the response of the control system. The significant conclusions cover-
Ing the modeling assumptions and the resultant torque trends In the high
and low bands, are listed as follows:

~a) Effective Sensor Noise Estimation

A good estimate of the broadband sensor noise is required to - -

study high frequency performance since the pointing error P50
is low In this frequency range. Sensor noise input PSD is
subtracted from the pointing error PSD data to obtain data
with minimum noise for torque PSD calculation. The sensor
noise of 0.03 deg (1 a) was selected as the best compromise
which would provide non-negative torque PSD calculations at
the high frequencies. This noise is considered to represent
the difference between true sensor noise and the quantization
uncertainty or one half the quantization Interval of 0.0137
deg/count.

(b) Linear Model Torque Trends

4. The torque trends are sumar iz ed In Table 9.2—1 and are
shown In Figures 9.2-1 B and C through 9.2-4 8 and C. Both
linear models show substantially the same result. For example
the linear model with the zero—order hold shows slightly
higher torques at low frequencies and higher torques at high
frequ enci es. - 1

• Low Frequency Trends

The calculated torque within the control band of 0.038 deg was
compared to a single piece of ground test PSD data which Is
shown superimposed on the above figures. A similari ty In cur-
ve shape Is noted. The calculated torque curves appear higher
in amplitude and the cutoff appears to be shifted to higher

a- frequencies from 0.01 to 0.04 deg. The closest fit appears
to occur with the early 6/27/75 data where, for example, at
the low frequency end (at 0.001 Hz) a peak of 140 (In 01)2

per Hz was obtained as compared to the ground test data of

$ 94 (in oz)2 per Hz. As time Increases , the torque PSD valu es
shift upward, but the shape Is generally preserved in the low

frequency band. At 9/12/75, before the first anomaly, torque
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C. Linear (ZOH) Corrected Torque P~A. Pointing Error PSD Data
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PSI) has increased to ~~ (In oz)2/Hz.
• Hlgh Frequency Trends

The most noticeable high frequency trend Is the broadband
increase of torque PSI) at a rate varying from 20 to 40 DB
per decade. The question is whether this trend is real or
as a result of data reduction roundoff, nonl inear effects
of quantization no.. included in the model , or the effects
of sampling. Sensor noise was removed from the pointing
error date up to the poi nt of calcula ting negati ve torque 

r
PSD at these frequencies. The effect of sampl ing on the

pointing error PSD for a simple system with load inertia
having a constant torque , PSD input verified the following
fact: wi th no sampl ing , and wit h a constant torque band
Input , pointing error PSI) should decrease at 80 DB per de- - -

_

cade. The effect of sampling results In decreasing this
rate by 80 log csinc (,~f/fJ:~/\f~5 OB. Where f equals 0.5
Hz or one half the sampling frequency f, 15.5 DB (factor
of 6) must be added to 80 DB/decade curve to correct the
inertia load for sampl ing. The effect of sampling can be
applied to the ghigh frequency end of the torque curves
and results in at most a 15.5 DB wighted reduction In the
torque PSD values shown. Fi gures 9.2-iD through 9.2-4D
show the four cases where the i nput data was corrected using
a sample hold model by the sampling factor. The resulting
torque trend still rises in the high frequency band. Wi th-
in this band are the retainer frequencies (0.45 Hz) and this
rise could be caused by large torque i nputs associated with
retainer torque disturbances. -

(c) Sampled Data High Frequency Trends

The impulse transfer functions of the control system were
developed for the control system. These transfer functions 

- 
-

relate the sensor and pointing error PSI) inputs to open loop
pointing error output. In this case, with the control system

$ sampler In the feedback -loop relative to the torque disturbance,



the torque PSD cannot be calculated explicitly; however the
open loop pointing error output PSI) or the open loop effect
of the disturbance torque input PSD acting on the platform
Inertia load dynamics can be calculated . These calculations
were performed wi th variations of the sensor noise removed
from the pointing error PSD data. (see Figure 9.2-5 for
details).

At high frequencies (above the control band frequency of
0.038 Hz) both the pointing error and calculated open loop
pointing error PSI) show good agreement, the differences being
the removal of the higher order control dynamics , sensor noise
and sampl ing effects in the transformation. The pointing
error PSD calculation shows that the PSD rises above the 80 DB
per decade control line for both the low and high frequency
ranges wi th the noise and sampling effects removed. This
substantially backs up the torque PSD calculation and Indicates - -

that large PSD ampl itudes exist at both the low and high fre—

• quency ends of the spectrum. - 
-

H

9.2.1.3 Peak Trend Analysis

An attempt was made to correlate the peaks shown In the pointi ng
error data and transformed torque PSD’s with the bearing component fre-
quencies thought to cause these disturbances. However, no definite
correlation trends were found. For example, the theoretical bearing
component frequency differences and shaft to component frequency dif-
ferences range from 0.44 to 0.619 Hz for the DMA retainers and zero and
1 Hz for the Inner race and shaft. The ball frequencies are in the 5 Hz
range with frequency differences about 0.006 Hz. However, no definite
trend in sharp peaks was found in the high frequency end (0.4 to 0.5 Hz)
or at the low frequency end of the spectrum. A consistent peak In the
data, however, was found around 0.1 Hz. It is noted that In the single
pIece ground test data available , a peak In torque PSI) (45 (ln-oz)2/Hz
occurred at 0.9 Hz. The peak noted at 0.1 Hz, could be a result of
difference between the sampling frequency (Carrier) at 1.0 Hz and the
0.9 Hz disturbance noted In the ground test data.
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Figures 9.2-IE through 9.2-4E show the results of integrating the
calculated torque PSI) over the spectrum. The resultant output at any
frequency Is equal to one half the mean square torque error. The mean
square torque error is also useful for picking out the peaks because

they show up as sudden jumps in mean square error. The most pronounced

jump is noted to consistently occur at about 0.1 Hz and an overall steep
slope trend occurring at the high frequency end , also reflects the large
torque Inputs at these frequencies.

9.2.2 Conclusions

The conclusions of this analysis are briefly summarized as follows:

(1) Overall Po1nt1n~ Error PSI) Trends

Of the four pieces of pointing error PSI) data examined , the

first three taken at 6/27/75, 8/12/75, and 9/1/75 have
similar band pass characteristics and show an Increasing point-
ing error PSD with Increasing calendar time. (The maximum

peak PSI) Increases from 0.26 to 1.7 deg2/Hz during this time).

At the high frequency (0.5 Hz) end of the spectrum the pointing
error PSI) appears to approach the expected sensor noise PSI)

level of IO~ deg2/Hz. Foldin g or allasing effects beyond the
Nyquist frequency (0.5 Hz) should also appear small due to the I~i
low bandpass of the plant I.e., and 80 DB per decade cutoff in
the PSD provided by the pl atform load inertia for torque distur-
bances.

The 9/12/75 pointing error PSD however exhibits different trends.
Peak pointing error increases to 10 deg /Hz , about double the
previous increase. At high frequencies , attenuation Is less and
the level at least 40 DB above the sensor noise level. These
effects demonstrate that frequencies higher than 05 Hz are
folded back, and these effects are inseparable in the pointing
error PSD data.

1-:
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(2) Overall Calculated Disturbance Torque PSD Trends

The disturbance torque PSD evaluation Is divided into low
frequency trends within the control bandpass (approximately
0.038 Hz) and high frequency trends out to 05 Hz.

At low frequencies, the torque was compared to ground test

data which showed similar shape characteristics in this fre-
quency range. For the 06/27/75 data peak torque PSI) was 140
(In oz)2/Hz, while ground test data was 94 (in oz)2/Hz. As
time Increased, both the torque and bandpass frequency in-
creased. By 09/01/75, the torque PSD was over 8 times the
ground test level and at 09/12/75 over 1000 tImes the 06/27/75 — a-

level.

At high frequencies , the torque showed an unexpected rise ,
sometimes exceeding the low frequency peak. The torque PSI)

at high frequencies was calculated from pointing error PSD data
near the sensor noise level so these values are suspect from
the standpoint of nonlinear errors, true sensor noise, and
sampling effects. In correcting the calculation for sampl ing
effects, this higher torque trend was reduced somewhat but
still remained near the low frequency peak. The broadband
rise In torque wi thin this frequency range could be significant
because the DMA retainer disturbance frequencies are at 0.44 Hz.
For the 09/12/75 data, well out of the noise effects, but sub—

Ject to aliasing effects, the torque trend Is the same, i.e., a
broadband peaking near the high frequency end of the spectrum.

(3) PeakIng Trends

No sharp peaking trends were noted in the data that would be
comparable to calculated bearing or retainer frequency data
A sharp peak occurred consistently In the data at 0.1 Hz. Al so
noted In the ground test data was a peak occurring at 0.90 Hz.
The peak noted In the flight data could be caused by the same
source, I.e., the 0.90 Hz peak folded back to the 01 Hz range.
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— 10. CONSULTANT EVALUATIONS
t I~, During the course of the 9433 anomaly investigation , several consul tants

were engaged by TRW. Each of these has submitted a written report. This

— section summarizes the conclusions of these reports (each of which is pre- - 
-

sented i n Appendix G).

10.1 Donald H. Buckley (NASA/LeRC)

Mr. Buckley, who is Head of the Lubri cation Fundamentals Section of the
Lewis Research Center, met w ith TRW personne l for one day during October.
H i s conc lus ion , based on the data presented that day, is that the orbital
anomaly was caused by inadequate bearing l ubri cation . He feels that all
torque transients (including the drops in torque observed subsequent to
his report) as wel l as the rise in average torque can be so explained.
His report is presented in Appendix G.1.

His reconinendations include :

• As short-term “fixes ,” provide for greater lubricant retention
in the bearings and a change in lubricant type to one with
lower volatility

• As a long-term improvement, use sol id-film lubricants .

10.2 Delco Electronics

Personnel from Delco E lectroni :s attended sever al meetings at TRW .
Thei r representatives were Robert Breneman, George Campbel l , and Ed Loper.
Based on extensive review of orbital data, evaluation of the DMA design ,
and inspection of various life-test beari ng sets, they have concluded
that the most likely cause of the orbita l anomaly is a bearing failure
due to inadequate lubri cation . Their report is enclosed in Appendix G.2.

Thei r recommendations for DMA imp rovement include:

• Provide more lubricant at the bearings by one or more of the

following measures : more initial lubricant; heating the
lubri cant reservoirs ; increase oil capacity of retainers ;
add a command-operated “oi ler;” design a “real reservo i r”
for the bearings

10-I
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• Improve b.a-oi -~~ng quaiity by requi ring better surface finish
and geometry and b~ ins:ituting improved bearing screening
procedures

• Review DMA assembly procedures to eliminate potential for
surface contamination and debris generation

• Consider eliminating potential for bearing inner race rotation
to reduce the possibility of self-generated debris.

10.3 Draper Labs

Representatives of CSDL who have participated in the 9433 anomaly
investigation incl ude R. J. Schiesser, H. B. Singer , and E. P. Kingsbury.
As reported in Appendix G.3, they conclude that the 9433 despin control
anomaly is due to lubricant breakdown within at leas t one of the DMA
bearings.

CSDL has recommended several design and process changes ; they continue
to support TRW in p rocess evaluation and improvement. Suggested design
changes inc l ude:

• Remove dams from bearing outer races to eliminate the possi-
bility of damage to balls during assembly

• Change ball-to-race (inner) conformity to promote EHD film
formation

• Design a positive l ubrication system

• Use a full ball complement (retainerless) bearing to
eliminate retainer instability problems (in conjunction with
positive lubrication system). 

-

Recommended process changes relate to metal parts processing and improved
bearing screening procedures.

4 -
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10.4 Thomas Barish (Independent Consultant)

Mr. Thomas Barish, an independent consul tant in the Los Angeles area ,
reviewed the DMA design and inspected life test bearings . In his report
(Appendix 6.4), he concl udes a ll fits and tolerances to be exce l lent and
that the effects of probable thermal gradients should be insignificant.
He does express the follow ing concern : due to thei r races , the bearing - -

raceway roundness will conform to that of the housing (and potentially
the shaft at the lower main bearing). Mr. Barish i ndi cates the following
candidate failure modes:

• loss of lubri cant

• cage failure to ball speed variation

and (less likely):

• broken parts (debris) momentarily lodged in the bearing

• failure in the slip ri ng assembly.

He suggests that lubr icant fa il ure woul d be unl ikely to produce sudden
jumps in friction , but could lead to a retainer failure . He concludes
that some sort of scraping or rubbing (including the possibility of a
failed retainer) is most consistent with the orbital data .

10.5 Chet Pentl i cki (ComSat Labs)

Mr. Chet Pentlicki , Ass i stant Manager of the Struc tural/Mechan ica l
Design Department of ComSat Laboratories , attended a series of meetings at
Aerospace and TRW during three days in October 1975. During this time , he
exami ned typical telemetry data , rev iewed the DMA des ign, and inspected
Aerospace test facilities .

In his report, he indi ca tes a preference for the “beari ng failure ”
theory (Appendix G.5). He draws a relationship between the retainer
Instability phenomenon observed on other 777 spacecraft (as wel l as 9433)
and margi nal lubricat ion, and presents a scenar io of resul ting reta iner
wear and debris production . He attributes the high DC running torque to

a- i a debris coating on the balls and cites test data supporting this
hypothesis.

Mr. Pentlicki recommends more generous lubri cation and an Improved
preload design.

10-3
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ii. CORRELATION OF FAILURE MODES WITH DATA

Table 4-1 presents a delineation of candidate 9433 failure modes and ,
for each, an estimate of the resulting performance signature. Other sec-
tions of this report, and the accompanying appendices present orbi tal data
as we l l as analyses , test results, consul tant opinions , etc. which bear —

upon these candi date failure modes. This section relates the various data
to the failure modes defined in Section 4.

11.1 Review of Data

Much data arising from the anomaly investigation has been presented in
the preceeding - sections and the appendices . Before considering consistency
with each of the failure modes, the major anomaly i nvestigation results will
be summarized.

11 .1.1 Orbital Data (Sections 2, 3)

Available orbi tal data includes : operational data (while in Normal Mode
control); unplanned events (transients which drop the spacecraft out of
Normal Mode); friction/dynamic tests (systematic tests conducted in order
to characterize the friction torques); recovery data (obtained during
attempted and successful despin of the platform from the fully spun-up
state). The most notable characteristic of this data is its lack of con-
sistency and repeatability . However, it is, based on the evalua tions of
Section 3, possible to summarize the orbital performance related to the
9433 despin control anomaly.

• Prior to mi d-August 1975, there were several periods showing a
sl ight (but abnormal) temporary increase in running friction.

• Starting in mid-August , there was a rise in running friction,
from a normal level of 30 in-oz to a level of about 95 in-oz,
just prior to loss of operational status on 13 September 1975.

• Running friction has, duri ng periods of normal operation
remained in the neighborhood of 90-100 in-oz at most times
since 13 September 1975.

• There have been occasional periods (observed since 28 Novembe r
1975) when the running friction has dropped to a relatively

S low level (e.g., 40 in-oz). On 28 November, this condition
persisted for about 2.5 hours.
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• Large torque transients have been observed at various times( (e.g, on 11 December, a bistable friction characteristic occurred,
wi th steps of approximately 200 ln-oz).

• At one time (13 October), a transient torque of approximately
600 in-oz was observed.

• On several occasions , firi ng axial thrusteis during periods of
high torque has appeared to reduce the friction dramatically,
suggesting that sideloading is a beneficial effect.*

• Recovery from the fully spun-up condition (i.e., platform despin)
has only been successful after lowering the spin rate to approxi-
mately 20 rpm and pulling in the narrow coverage antennas to
reduce the platform mass unbalance.

• A recovery attempt at 31 rpm showed a friction torque level wnich
was high , but which varied Insignificantly over a total platform
revolution (i.e., there were no torque “high spots”). -)

• Data from the orbital dynamic tests indicates that i ntroducing
sideloads by overspinning the platform by 10-20 rpm improves the
smoothness of rate control .

• Data from various periods shows large variations in fri ction
level over short periods.

• There appears to be no significant dependence of torque upon
bearing temperatures. F

• Runup/rundown data from the orbital dynamic tests suggest highest
runn ing friction when the platform is at zero inertial rate.

• Rundown data ShOWS the torque not to have a significant viscous
drag component.

• Platform stopping positions while ful ly spun-up show no repeating
pattern.

Using these observations as a point of departure, it is possible to

develop a hypothetical model for the 9433 anomaly:

(1) Some mechansim (call it Mechanism A) has caused the running
friction to increase , over a period of about one month , from
a level of 30 in-oz to nearly IOU in-oz. This higher level has
been sustained almost continuously, since 12 September 1975. - -

* More limi ted data suggests that fi ring the thrusters during lower torque
periods can increase the friction torque.
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(ii) Mechanism B causes occasional large torque increases above the
100 in—oz level noted in (I). Mechanism B may be related or
unrel ated to Mechanism A.

This dual— mechanism model appears to fit much of the data above. For example ,

Mechanism A could produce a constant running friction while B provides , in
some “on-off” fashion , the torque perturbations . Mechanism B can be sensitive
to rocking and sidel oads (accounting for recovery dynamics as well as the
results of orbital tests) whil e A is not. The decrease in running torque to
a near-nominal level would be explained by a temporary cessation of Mechanism
A , with B inactive. In summary , Mechanism A is viewed in this characteriza- 

- 
-

-

tion as a (more or less) sustained effect, insensitive to sideloads and - 
- -

producing a torque of 90-100 in-oz ; Mechanism B is a mechanical phenomenon
whi ch produces high torques and which can be established (or eliminated) by 

a
-

sideloads and/or “jiggling. ”

11.1.2 Thermal/Dimensiona l Analyses (Section 5; Appendices A, B)

Thermal simulations and dimensional analyses have been conducteci in
order to evaluate certain possible failure modes. Results can be suninarized
as fol l ows :

• No correlation was found between periods of high transient torques -

and thermal data (e.g., gradients at snubber and bearings).

• Dimensional and thermal analysis revealed no plausible source of - -

the increased running friction (60-70 in-oz above nominal). 
-

• Under extreme and unlikely conditions , interference can occur at
the snubber gap while despun; full spin-up conditions decrease
the likelihood of interference. 

-

• The bearing retainers as dimensionea may, for some bear i ngs , -

underride the balls; the 90 MM bearing retainers can ride against - -

the preload washer. No significant torque increase would be expected .

• The motor power dissipation is the main factor in determining key
DMA thermal conditi ons (motor temperature, snuboer temperature,
top beari ng temperatures, gradient from top to bottom bearing).

• Analysis indicates that rotation of the 90 MM bearing i nner race -
relati ve to the shaft is imorobable.

11- 3
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11.1. 3 ~y~tem, Assembly, and Component Tests (Section 6)

A variety of tests have been conducted and reported in Section 6.
These tests have considered the total despin control system , the DMA ,
bearings and slip ri ng assemblies , motor, and the power module snubber.
Major pertinent resul ts are:

• System tests showed a roll-off in motor torque capability at a
-

h- gh rates, but otherwise did not duplicate the orbital friction
tests.

• Bearing tests showed extreme preloads and tilt angles are required
to produce the observed friction torque increase (and agreed with
analysis data).

• Polymerized lubri cant in main bearing raceways can increase DMA
torque by 40 in-oz.

• Debris jamed in main bearings produced very large torques
(‘800 in—oz).

• Snubber tests show that sustained torques of 50 in-oz will produce
wear at a rate of approximately 0.002 inch per hour.

• Motor tests show a drop-off of torque capability at high rates,
due to a phase shift in the DEA between the resolver signal and
the motor dri ve current. - -

11.1.4 DMA Disassembly and Inspection (Section 7)

The life test and flight spare DMA ’s were disassembled and inspected.
The detailed aspects of this work are still underway. The results at tnis
time include :

• All critical gaps were close to nominal , indicating no potential
for interference in these units .

• A significant lubricant degradation was found in the life test DMA ,
where significant quantities of metallic l ead were noted in the
ball pockets of the 110 MM bearing retainers.

• Lubrication migration to the lower end of the unit was found in
the li fe tes t DMA.

• The flight spare DMA was seen to suffer from assembly and handling
deficiencIes.

L
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( a- 11.1.5 Consultant Evaluations (Section lO~ Appendix G)

Four consultant reports were rece i ved , two representing individuals
and two from organizations with several participants . Major findings
include :

• Three out of four reports i dentify inadequacy of lubri cation
as the most likely cause of the anomaly ; the fourth incl udes
it as a poss ib le cause.

• Improved bearing screening processing measures were recommended. 
- 

-

• The mechanism for transfer of lubrication from the reservoirs
to the balls and raceways (by evaporation/condensation ) was
considered to be questionable; a positive lubri cation system
(“oi ler”) has been recomended.

• One consul tant feels that some sort of scrap ing or rubbing is
most consistent with the orbital data .

11.1.6 Other Data

Other data is developed in appendices or in other report secti ons :

• Simulations have been able to match orbital data by the choise
of appropriate torque characteristics (Section 9)

• Analyses have shown no likely source of friction external to
the DMA (Appendix H)

• A new more realistic model for motor performance has been
developed (Appendix F)

• A history of DMA assembly test and storage has been developed
(Section 8).

11.2 Discussion of Failure Modes

Candidate failure modes are i dentified in Table 4-1. Lach is discussed
below , with reference to orbital data as well ~s analysis and test results .

11.2.1 Structural Module

11.2.1.1 Axial Restriction of Prelodd Mechanism

Analyses presented In Section 5.2 have shown tnat extreme thermd l
gradients (e.g., in excess of 1 50°F between the housing and the shift ) are

required to produce a friction increase of 60 in-oz ~-~ th the pre~uad
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mechanism axially restricted. Since thermal gradients this large do not
exist in the 9433 structural module (Section 5.1), this mechanism is not
the source of the high running friction nor of the large transient torques.

11.2.1.2 Degraded Lubri cation

The effects of degraded lubricant are difficult to establish by
analysis or by any single planned test. This is an area where a body of
experience is essential . Consultants with such experience have generally
supported this mechanism as the cause of the 9433 despin control anomaly

~ppendix G). Evaluation of the design suggests the lubrication system and
its transport mechanisms to be questionable. Moreover, the amount of
lubricant initially in the main bearings was relatively small and the bear-
ing surface finishes permitted significant boundary lubrication operation ;
these factors would tend to hasten deterioration of the lubri cant.

The only tests related to these effects were conducted by Aerospace
Corporation. These tests (Section 6.3) were run with thermally polymerized
Apiezon C inserted into DSCS-II main bearings . The result , a 34-40 in-oz
increase in the fri ction level , is not inconsistent with the 9433 anomaly.
However, these tests can hardly be considered conclusive (in either sense), - -

since the l ubricant was artifi cally polymerized and the tests were run in
air rather than in vacuum.

Degraded lubri cation is a likely cause of the 9433 anomaly. This
factor would, inevitably, lead to other types of bearing deterioration and
accentuate the effects of other phenomena known to exist (e.g , retainer
riding on land of inner race) upon friction .

11.2.1.3 Structural Distortions in Structural Module - 
P

Section 5.2 has dealt in depth with the effects of potential structural
distortions In the DMA. Short of structural failures (which would have been
apparent earlier in the orbital life of 9433), no structural distortions
appear able to cause torques of the type observed.

- t
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11.2.1.4 Metallic Debris in Main Bearings

Metallic debris in the main bearings could occur due to a lubrication
failure (i.e., a wear-related effect) or due to assembly deficiencies. It
seems that effects not related to wear would appear early in flight; thus,
if debris is the cause of the 9433 anomaly , it is likely to be wear-related.
Debris could be a major cause of lubricant degradation (see 11.2.1.2), due to
increased metal-to—metal contact in the DMA main bearings. Bearing tests
at Aerospace Corporation Ind i cate that metallic debris would be coined or
thrown away from the ball track. However, these tests were run in air and
without degraded lubricant (which would be likely to accompany and/or cause
the debris), and so must be regarded as inconcl usive.

11.2.1.5 Retainer Whirl

Retainer whirl (or instability) has been identified as the source of
pointing perturbations on other DSCS-II satellites and on other spacecraft
(e.g., Intelsat IV). The torques anticipated from this effect, wi th an
otherwise normal bearing , are small (e.g., 5-15 in-oz). Tests have shown
this phenomenon not to lead to any increase in the average running torque
or any long-term degradation. It is possible that some of the large torque
transients observed on 9433 are related to retainer dynamics , with a torque ampl i-
tude which has been increased by other factors (e.g., lubricant degradation).

11.2.1.6 ExcessIve Lubri cant

Excessive lubricant in one area of the structural module could result
In high levels of friction. However, this (viscous) friction would be
expected to depend in no small way upon speed and temperature. No such
trend is apparent in the 9433 orbital data; a systematic and. monotonic
speed dependence appears to be totally lacking .

11.2.1.7 Janined Main Bearing

Tests and analyses indi cate that a jammed main bearing Is an unl ikely
cause of the increase In running friction. Intermittent jamming (e.g., by —

a retainer or debris) could explain the occasional high-ampl itude torque
transients as well as the sustained periods of transient torque activity.
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11.2.1.8 Interference at Magnetic Pipper

Interference at the DMA magnetic pipper would result in a torque which
occurs as a once-per-revolution pulse. In addi tion, such a torque: should
occur early in the mission ; should show a definitive dependence upon platform
rotor relative position ; and , should decrease in time due to wear. None of

these characteristics have been observed, suggesting that interference at
the pi pper has not occurred in 9433.

11.2.2 Power Module

11.2.2.1 Mechanical Interference

Mechanical interference in the power module (i.e., at the motor , 
a-,
.

resolvers, or snubber) appears to be a failure mechanism which could cause
large torques wi th a signature consistent with the orbital data. Dimensi onal
analysis has shown the snubber gap to be the critical clearance within the
power module and that (while nominal clearances are ample) under worst-case
assembly conditions (in combination wi th extreme thermal gradients and/or
material creep), closure can occur at the snubber in the despun condition.
Further analysts showed that such interference would be relieved (rather
than increased) by the sideloads due to platform spin-up .

In order to evaluate the long-term trends associated with snubber
rubbing , snubber tests were performed. These showed that sustained snubber
rubbing wi th the contact pressures necessary to produce a large friction
increase (e.g., 50 in-oz) would wear away enough material to elimi nate any
possible Interference wi thin two hours. This suggests that production of
a 60-70 -tn-oz friction increase, sustained for several months, is not
likely to occur due to snubber rubbing . Finally, disassembly of the life
test and flight spare DMA’s showed gaps at the snubber in excess of 0.005 in.

11.2.2.2 DebrIs in Gaps

Debris in the above-mentioned gaps (or the labyrinth seals) could cause

torque increases. However, due to clearing (or wearing away), only transient
torques would be expected from such a mechanism. Debris could get into
these gaps from metal-to-metal rubbing in the power module or from bearing/

(
~.. retainer wear debris. However, an increase in the running torque or sus-

tam ed periods of transient torque activity would seem unlikely , a--
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11.2.2.3 Fractured Hypernik Ri ng

Tests have shown the hypernik ring of the motor very difficult to
fracture and loosen . Once loosened , it would tend to j clfll the mechanism
enti rely and i rrevocably.

11.2.2.4 Shorted Motor Winding

Orbita l data is inconsistent wi th this occurrence . Back emf data from
both motors appears normal and both motors appear to operate similarly and a-
normally while in use. There has been no noti ceable increase in the speed-
dependence of running torque. Moreover , such a mechanism would be unlikely a- a-

to produce the extreme torques (e.g., 600 in-oz) seen on occas ion .

11.2.2.5 Open Motor or Resolver Winding 
- -

This would cause a signifi cant change in the performance of the affected
drive channel . No such phenomenon has been observed in the orbital data.

11.2.3 Slip Ring Module

11.2.3.1 Bear ing Related Effects
All bearing related effects discussed in Section 11.2.1.2, 11.2.1.3 ,

11.2.1.4, and 11.2.1.6 apply equally to the slip ring bearings. However , the
torques produced would be much smaller. In view of the preceding remarks ,
these effects -In the slip ring bearings would not cause the torques seen
in 9433 orbital data. Moreover, any major deterioration in these beari ngs

L 

would certainly produce an effect (not seen) in the performance of some
slip ring circui ts.

11. 2.3.2 Bearing Jammed

Complete jamming of a slip ring bearing woul d cause It to journal on
— its shaft Interface surface. Tests run at Aerospace Corporation have

shown that large torques would initial ly be produced , wi th an increase
with time (e.g., 140 in-oz after 6 hours of running). However, w’~-
extended operation, weardown of the epoxy coating of the shaft - -ui d be

expected, reducing the torques and resulting in noisy sUp ri ng .~ta.
This does not appear to match the orbital data.
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11. 2.3.3 Deterioration of Brushes and/or Slip Ri ngs

The slip ring performance would be noti ceably affected while the
torque increase would be slight. No correspondence wi th orbi tal data exists .

11.2.4 Non-DMA Effects

11 .2.4.1 Interference Produced by Thermal Insul ation

Orbital data does indicate a partial failure of the secondary radiation
shield , which is mounted on the rotor, below the cross-beam on which the DMA
is mounted. Due to differential contraction , thi s thermal sh ield would be
expected to curl outward and (due to the Teflon on the l ower surface) down-
ward . No evidence of anomalous behavior exists for any other thermal
blanket.

Interference of a thermal blanket could cause large torques. However,
the result should be a wearing or clearing away due to the considerable
forces involved. This is an unlikely source of the sustained increase in
running fri ction .

11 .2.4.2 Interference due to HLTWT Heater Harness

This event should cause a loss of operation in these heaters (not having
occurred) and shoul d not produce sus tained torques due to clearing effects .
In any case, thi s occurrence is very unlik ely (see Appendix H).

11.2.4.3 Interference at Platform Pin Puller

This would produce a once-per- revolution torque pulse, inconsistent
with data from the 31 rpm recovery attempt. Moreover , an interference from
this source would have occured early in flight if at all.

11.3 Conclusions

The preceding sections have summarized the data resulting from the
9433 anomaly investi gation and discussed each of the candidate failure modes .
None of the analytically tractable or testable phenomena have shown any

- 
-~ degree of consistency .
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The most probable cause of the 9433 anomaly appears to be a main
bearing deterioration due to degraded lubri cant. It is easy to conceive
of such an occurrence causing further bearing deterioration (e.g., debris
genera tion , retainer rubbing , or wear) which could account for the large
torque transients seen on numerous occasions since mid-September 1975.
Moreover, the performance observed is consistentwl th that predicted by
several consul tants (and with test data provided by one consultant).
This conclus ion seen~s to fit the dual-mechanism model discussed in
Sect ion 1 1.1 , wIth the basic effects of l ubri cant degradation (e.g.,
formation of varnish In the ball paths as discussed In Appendix G)
corresponding to Mechanism A and the subsequent accompanying effects
(e.g., heightened torques due to the retainer) corresponding to
Mechanism B.

The evidence for this identification of the anomaly is , and mus t
remain, ci rcumstantial and inconclusive . However, no other pos tulated
failure mechanism appears consistent with the orbital data .

p
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12. RECOMMENDED ACTION

Measures must be taken to guard against a recurrence of the 9433
anomaly. In the course of the anomaly investigations , a variety of actions
have been given consideration . These have been defined in general terms,
with the details dependent upon studies still in progress.

Decis ions must be made from among a group of redesign opt ions, some
simpl e and others more extensive. Some clearly desi rable changes in the
DMA design may be impracti cal for F7 and F8 due to launch schedule con-
straints; these should be cons idered as product improvement for future
incorporation. It is important to note that the design and process
changes whi ch can be incorporated for F7 and F8 should, when coupled with
existing replenishment DMA design improvements, make improbable a
repetition of the 9433 anomaly.

Before discussing potential changes growing out of the anomaly investi-
gations, it  is appropriate to summarize those which have already been
incorporated into the replenishment DMA :

• The single dri ve motor wi th redundant wi ndings has been replaced
by a pair of motors of considerably higher torque capability.
Note that these motors do not have hypernik rings.

• The power module snubber has been re-dimensioned, i ts material -

‘has been changed, and the minimum acceptable assembly clearance
has been increased.

• The slip ring assembly has been modi fied to employ a larger
bearing(identical to the upper slip ring bearing) at its lower
end.

• All bearings are provided wi th an improved raceway surface
finish (1.5 mi cro-inches vs 4 mi cro-Inches in the earlier DMA ’s) .
This , coupled with the change in the lower slip ring bearing,
should assure predominantly EIID operation of all bearings. 

I 
-

• Minor structUral changes have been made to increase the load
capacity of both the shaft and the housing .

• Additional bearing screening procedures have been instituted, 
- -

including contact resistance measurements at normal operating
speed.

(~~~~1
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These changes address a number of the identified weak points in the
previous DMA and, with no further action, would decrease the possibili ty
of a recurrence of the 9433 anomaly. In particul ar, the questions

a- regarding the snubber and the motor hypernik ring are resolved, and the
bearing integri ty is Improved.

General recommended action is identified below in two categories:
design changes and process changes. Detailed study of these actions is
currently in progress and will be reported in future documents.

12.1 Design Changes

Design changes can be grouped in two classes, those recommended for
the next launch and those suggested for later incorporation . In the
first category are

• retainer redesign

• increased DEA current limi t

while the second Incl udes

• positive lubrication system

• flexure preload mechanism

• controller rate loop.

Each of these recommendations , currently under study at TRW, is discussed
below. 1 .

12.1.1 Retainer Design

The main bearing retainers are designed to ride near or on the inner - 
—

race. As a result, they ride relatively low on the balls. Dimensional
analyses (Section 5) have shown that the outer edge of the ball pockets
can make contact wi th the balls very near their equators under worst case I -

conditions. Al though analysis shows the ball pocket edge to always be slightly
above the equator, an increase in the outside diameter of the retainer is
recommended as a measure to posit Ively preclude the jamming which might occur

.a-, 
If a ball made contact with the retainer below Its equator. In addition ,

(J measures must be taken to avoid contact of the retainer wi th the preload washer.
These changes will be made for the n 4 launch (F7-F8).
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12.1.2 Increased Drive Torque Margin

In the DMA’s thus far employed in the DSCS-II program, the nominal
maximum drive torque has been limi ted at approximately 140 in-oz, compared
with a normal running friction (from all sources) in the neighborhood of

30 ln-oz. This torque margin of slightly less than 5:1 was judged adequate
and was considered so during operation, until the major 9433 anomaly.

The available torque in the Fl-F6 despin control system was limi ted
by two factors - the possibility of motor demagnetization and the current
delivery capability of the DEA. The new motors of the replenishment DMA
Overcome the first limi tation ; however, the second still remains and is
addressed below.

On var ious occas ions, an extreme increase in torque margin, attain-
able only by using a motor much larger than the one now present in the
replenishment DMA design, has been suggested. This issue, also , is
discussed in a subsequent paragraph .

12.1.2.1 Increased DEA Drive Current

The primary reason for limi ting the dri ve current -In earlier DMA ’s
was the possibility of motor demagnetization. In the replenishment DMA ,
much higher currents (i.e., 5 amps versus the existing 1.4 amp current
limit) can be tolerated by the motor. However, the DEA current limit is
still set at 1.4 amps. An increase in this current limit, to more fully
utilize the increased motor capability, is reconjnended.* Studies in this
area have been initiated. -

Factors which constrain the DMA drive current limi t include :

• The thermal design of the DMA, in which the heat dissipated in
the motor is a primary factor

• The current handling capability of the ten existing power
transistors in the power amplifiers and the switching regulator

• Other aspects of the DEA circuitry (e.g., the effect of higher
current levels upon inductors in the drive circuitry).

* Tests wi th the new DMA motor and the engineering model DEA with the
current limit raised to 2.0 amps, show that the torque roll-off phenomenon
revealed by motor tests Is significantly alleviated.
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These factors are under study , wi th an 1ncrease in the current to the
neighborhood of 2.0 amps anticipated. However , an increase of even this
modest amount will require replacement of the existing power transistors
with stud-mounted units, ‘-!ue to thermal considerations. It should be
noted that the launch of 17-F8 with the present DEA current limi t Is
completely acceptable, even wi th the increase in running friction anti-
cipated from added bearing lubricant.

12.1.2.2 Change in DMA Motor

Incorporation of a larger motor into the DSCS-II DMA has been
suggested, in order to provide a much larger torque margin than is now
available. An increase in motor torque , beyond that now available in
the replenishment DMA would have several implicati ons:

• The power module structural design would require modi fication
to accommodate the new mechanical interfaces; the DMA size
and weight constraints now in existence would pro ly r
be exceeded.

• Increased power dissipation in the motor would req :~ re review
r and probable revision of the DMA thermal design, p~ naps‘‘a- affecting the structura l module as well as the power module.

• Modifi cation of the DEA would be implied , particularly since
the present DEA design is unable to fully utilize the torque
capability of the new replenishment DMA motors.

• Other spacecraft elements would possioly be affected
including the structural interfaces wi th the DMA and the
power subsystem. a- 

-

For these reascns, a further increase in the DMA motor torque should not
be given serious consideration without detailed study of the effect upon
the DMA , the DEA, and other spacecraft subsystems.

12.1.3 Positive Lubrication System

The existing lubri cation system depends upon transport mechanisms
which are, at best, not well understood. Improvements in the present
system, such as defined above, will not alter this dependence. Until
these mechanisms are well defined and understood, the effectiveness of
such changes in the existing design will be difficult to establish.

! I
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The alternative is a change in the basic l ubri cation supply system
concept - to one which does not depend upon poorly understood transport
mechanisms. In concept, a positive lubri cation system is one which injects
a metered quality of lubricant di rectly into the area requiri ng lubrication
(e.g., onto a bearing raceway). Such systems have been employed in at least
two instances - the Skylab control moment gyros and the Intelsat IV-A BAPTA

(DMA); in the latter case, the “oi ler” is a backup to the conventional
reservoir supply system.

The development required to incorporate a lubri cant Injector Into an
existing DMA design may be considerable. Moreover, other changes may be a-i

indicated to take ful l advantage of such a system (e.g., removal of the
bearing retainers and addition of balls to the bearings , as recommended
by Draper Labs personnel). 

-

It Is certain that a positi ve l ubri cation system cannot be added to
the DMA for F7-F8 wi th the present launch schedule; nor can any significant
change be made in the present lubri cant supply system. However, development
of a positive lubri cation system is strongly recommended for future
-Incorporation. The alternative of improvements in the existing system
(for example, the addition of reservoir heaters) is less appealing , because a-
dependence upon questionable lubricant transfer mechanisms (evaporatiGn/ 

- 
- -

condensa tion , surface creep, etc) would be retained.

12.1.4 Preload Mechanism

The preload mechanism of the DSCS-II DMA, employ ing a sliding inter-
face between the shaft and the main bearing inner races, has long been con-
sidered a less than optimum aspect of its mechanical design . Potential
problems with this design include debris generation due to- rotation of
the inner races and, axial bindi ng, leadin g either to excessive bearing
loading or loss of preload. These occurrences, however unlikely , should
be dealt with in any consideration of DMA re-design.

A preload mechanism which employs flexure suspension of the bearing
race having axial freedom has long been considered by TRW personnel as the
Ideal approach. The Intelsat IV BAPTA design employs this scheme

- 

I 
and BBRC is in agreement with this philosophy . However, incorporation of
this approach within the DSCS-II DMA is inconsistent with the F7—F8 launch

schedule.
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Consideri ng F7—F8 schedule factors, are there improvements which can
be mad~ in the preload mechanism and/or related mechanical interfaces?
Focussing on the potential for inner race rotation wi th resultant metallic

a- debris generatiun , techniques of restraining rotation without introducing
a flexure suspension have been suggested:

(I) A spl i ne or keyway interface between the main bearing inner
races and the DMA shaft

(Ii) Pinning the clutch plate to the top main bearing thrust face
and the preload mechanism pressure pads .

The first technique would restrain rotational motion but would increase the
risk of axial binding ; moreover, remanu facture of all  shafts and bear ings
would be required. The pinning technique appears safer (i.e., no increase
in the probability of axial binding); however, the dr i ll ing of holes into
the thrust faces of the bearings could be deleterious and would require
remanufacture of all upper main bearings. In either case, detailed
engineering design followed by full requalifi cation would be required.

A structural change in the main bearing preload mechanism is not
recommended at this time. However, consideration should be given to
coating the clutch pl ate (e.g., wi th aluminum oxide) to reduce the
possibility of debris generation in the event of inner race motion .
Finall y, a development program leading to eventual incorporation of a
flexure preload mechanism is strongly recommended.

12.1.5 Controller Rate Loop

Transient pointing perturbations, with amplitudes in the 0.2-0.4 degree
range , were observed on 9433 prior to the major anomaly and on other DSCS—II
spacecraft. With regard to these anomalies , the followi ng conjectures can
be made:

• This anomaly appears unrelated to the increase In running
friction exhibited by 9433

• It appears that no wear phenomenon Is involved , since such
perturbations were observed In the initial weeks of 9433
operation.

• The amplitude and signature of these perturbations are con-
sistent with the retainer whirl identified in 1973 for 9432
and observed on Intelsat IV spacecraft.

12-6

~~II.~~~~~a-a-a- a- -a-ia-~~~ ~~~-~a- - - ~~ a-a-a-~a-a-~a- ~~~~~~~~ 
-ga-

~~~~ a- ~~~ a-~a- a-~~ a - a - a -~a-a -a-~ 



-~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

We can conclude that these perturbations are due to a different cause
than the 9433 major anomaly and that, if they must be eliminated , totally
different measures may be required.

a- Dur ing 1973, these short-term perturbations were studi~~ and concluded
to arise from retainer instability. Studies at TRW, Hughes, and Coi~

g’at
have addressed this problem. The overall conclusion is that retainer whirl
is difficul t to elimi nate by des ign , short of el iminating the reta iner
altogether. The available options appear to be:

(I) Tolerate occasional perturbations in the 0.2—0.4 degree range

(ii) Redesign the despin controller to make the system insensiti ve
to these torque perturbations (i .e., the rate loop modifi ca-
tion identified during the 1973 studies).

Option (i) is acceptable in the near-term. Incorporation of the rate loop
is recommended as a long—term product improvement.

12.2 Process Changes

The issue of changes in the processes whereby the DMA and its components
- 

- are manufactured is a complex one, and is beyond the scope of this report.
A nijnber of possible process changes are now under intensive study with
participation by personnel from TRW, BBRC, Draper Labs , and Fafnir. The
following discussion summarizes the major areas under consideration. Final
recommendations await completion of these ongoing studies and will be docu-
mented in a separate report.

As mentioned above, the F7-F8 launch schedule Is a prime driver in
making process-change decisions . However, the option of phased incorpora-
tion of process modifications exists, just as it does in the area of design
changes. Attractive process changes which are inconsistent with the
existing F7—F8 launch schedule should be considered for possible application
for manufacture (or retrofit) of DMA ’s for later satellites. 

a
-

The question of procedural modifications concerns the total span of
DMA-related activity, ranging from component manufacturing and selection H
to storage and handl ing of the DMA prior to launch . Focussing on the

- - - 
Issues related to bearing quality and performance, the following process

- 

- categories are considered:
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• Metal Parts Pr~cesslng
• Non-Metal Parts Processing

• Bearing Screening

• Lubri cation Process

• Assembly and Test Procedures

• DMA Storage and Handl ing

It is generally agreed that the methods by which the bearing (and
related) components are manufactured and processed, is cruc ial to the
performance and endurance of the DMA . A number of detailed changes are

L under study Incl uding : techniques for cleaning metal bearing components ;
bearing component inspection approaches; extraction procedures for the
bearing retainers ; extraction procedures for the lubricant reservoirs;
and passivation techniques.

The replenishment DMA program now incl udes contact resistance measure-
ments at operating speed as a bearing screening procedure. The addition
of low-speed (e.g., one rpm) dynomometer tests, recommended by Draper Labs
and Delco, is likely, both for individual bearings and for the assembled
structural module.

The procedures for DMA lubrication are currently under detailed
review. At the very least, the amount of lubricant initiall y present in
the maIn bearings wi ll be increased signifi cantly. Additional aspects of

- 
- the lubrication process bei ng studied include :

• the technique for impregnati ng the lubricant reservoirs

• the amount and distri bution of the boundary lubri cation
additive (lead naphanate) - for example, the possibility

- - of impregnating the reservoirs with only Apiezon-C is
under consideration

• the techniques used in reprocessing bearings

• tests of lubri cant quality to verify adequacy and provide
better controls.

The DMA assembly, test, handling , and storage procedures are also
under review. Assembly and test issues include : possible use of handl ing
fixtures during certain critical assembly steps (e.g., to handle bearing
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- components); measurement and recording of certain key dimensions during
assembly; and additional dynamic tests during and after assembly. The
procedural requirements for DMA handl ing (during spacecraft integration
and test) and for storage are also being given attention; changes in this
area are expected to be mi nor.

In summary, a number of potential process changes are under intensive L a -

consideration at this time. Final recommendations will be made at the
conclusion of these process investigations and will be dociaiiented at that
time.
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