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l’trc q“OPEX/POSljlI>ON  satc]litc  is nlrrintaincxl  in a ncady  circular, froz.c.n mbit (c == 0.030095, (r]
= 90’) at an al[imdc of =1336  hn. and an inclination of i = 66.04”, which provide.s an cxacx repeal
gsound  track every 127 rcvo]utions ( = 9.9 days) mid overflies two altinlctry  vcrificaticm sites.
Orbi[ mairm.nallcc.  rnanc.uvcrs  mc required to rczovcr orbi[al  decay duc to drag and ground (rack
drift duc to luni-solrrr  gravity. Since obtaining the operational orbit on ScpL  2.5, 199?., the. grouad
track has bet.n maintained within  a ~ 1 km control t~~nd  of (1IC desired rcfcrcrm track for ovc.r 97%
of Lhc more than 4000 orbi[s.  Solar arlay  curling,  tlmri[ial  inlbahrnccs,  raciiativc forces, arid
oulgassing combine. to produce a form equivalent to a corltinuous  thrusl  on the. order of micro
newtons, ancl cons~ilutc  the krrgcst  uncc.r(ainty  to nlancuvcr  dcsigrl. Bccarrsc  lIICSC  forces wcm not
prcdictcd  by prc-launch  orbilal  allalyscs  they arc called motmious  forces. Maneuver targc.ting
s[r:t[cgic,s  were rcdcsigncd  ill flight to illco~pora[c the cffc.cts of his  urw.xprwcd pcIlurtm[iorl.
V’hc.sc ncw largcling  slr~alcgics  arc. curlc]ltly  bcirlrg usc.d to dcsigll and inlplcnlc,nt  ground track
nlainlmancc.  mane.uvcrs. ]:urlhcrl[iorc,  it is possib]c [o cxcrcisc  some, ccmtro] over the, anomaious
force to cfkct changes in the srrlc.tlilc  .g[ounci  lrack. In early May, 1993, it bccar[lc clear that the
g[ound track  would cross [hc wcs[cn]  boundary of [he. corllrc)l bourld  (-1 knl) durirlg June for
approxirnatc,ly  three cycles (30 days) wi[tl a rllaxiraurn  wcs[c.n]  cxcursior]  of = 180 mc.tc,rs.  ‘1’o
prevent this from occun ing, two nmic,uvcrs  would nornmlly lx required. Ralhc.r  hall pcrfor[n
marlclrvcrs,  lhC a(lihldc arlicuialion  slrak~y  was Inodificd 10 lake advanm~c.  of lhc high Eilc of
orbital decay caused by [hc arlomalous  force in I_]xcd yaw at a fixed yaw, io effect pcrforlning  a
“n]icro-[nancuvc.r”  o f  a~)proxirnatciy  0.S8 nlndsc.c  rnafyi[udc,  I’his simi)lcr  ])roccdurc,,  which
nmdc a maneuver ur]ncccs.sqry, more [liar} (iout)ic(i [IIc. cxpcctcd time. bc[wczrl mane.uvcrs from 6
Cyclers (=60 days)  to 13 c.ycIc?s (=130 days).

lNTROI)UCTJON

TOPIiX/l[>OSI{lI>ON  was launched by aI~ AIi:lr]c 4?1’ on AugusI  1 (), 1992 with injection
$-/ scc after  lift off. ‘1’hc joint lJS/lircmchl  1occurring at 23:27:05  U“l’C, ap[mxim:itcly  19 min. .

missioil  is designed to study glchal ocxxm cilculaticm  and its illtcmction  with the atmosphere to
bcttcI unchmstatld the Ilarlh’s climate.1 ‘1’his goal is accoIIiplisllcd  utiliy,ing  a conibination of
satellite altimetry data and precision orbil dctmnir]ation  to pI-cciscly dctcmnirrc  ocean surface
topography. To fmilitatc  this procms the satellite. is nlainlaincd  in a nearly  circultir, from] orbit
(c = 0.000095 and w=90”) at an altitude of =1 336 kn) arlct an inclination of i = 66.04”. “1’his
provides an exact repeat grout)d  track CVCI y 1 ?-7 revolutions (=9.9  ciays)  and overflies two
altimeter verification sites: a NASA site off tlm coast of l’oint Conccplion, Califcmiia (Iatituclc
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34.4691” N, longitude 120.68081” W), and a CNl!S site nmr the islands of I.ampiom and
1.mpcdusa  in the Mcclitcrrrtnean  Sca (Iatitudc 35.54649° N, longitucie 12.32054%).

Satellite fixed accelerations equivalent to continuous bociy-fixed forces on the order of several
micro-Newtons began to be observed shortly after launch. ‘1’hcse forces arise due to a
combination of solar array curling, thermal imbalances, radiation forces, and outgassing,
Although they are well determined and predictable, since the forces were not predicted by orbit
anal yscs prior to launch (hey are referred to en masse as anonmious  forces. l“hesc anomalous
forces can be used to perform precise ground track corrections by modifying the satellite’s
attitude articulation strategy. The result of these changes to the attituclc control strategy is the
effective implementation of “nlicro-nlamuvcrs” with typical maneuver magnitudes of AV < 1.0
nml/see.

“l”his paper discusses the nature of the anomalous force in terms of its effect upon the satellite’s
orbital ground track, Modifications to the maneuver design strategy an(i error models
necessitated by the existcncc of these forces are presented, l’he use of t}lc anomalcms forces to
perform additional ground track mainte.riance anti extend the time between maneuvers is
de.scribccl. l;inally, our overall success at grcmnd track maintenance uncler  the influcncc of these
forces during the first year of the l’OPI{X/POSFJIJON  mission is summarized.

ANOMAI ,OLJS IX)I{CE

Prc-launch  analysis indicated that the centi al body gravity and drag were the principal perturbing
forces acting on the ground track. 1,uni-solar  gravity produces periodic perturbations comparable
in magnitude to drag; these pclturbatic)ns  cm either accentuate or dcclcasc  the effects of drag.
Solar radiation forces were omitted in these earlier analyses bccausc the resulting gmuncl track
variations wcm significantly smaller than those clue 10 the othcl  forces.

Analysis of tracking data obtaincct subscqucn[  to launch incticatcd the cxistcncc of an unmodelcd
anomalous force acting upon the satellite [141a ucnho17,  1993]. ‘1’hc magnitude of this anomalous
force is equivalent to that of a continuous thrust on the olcler of ll]icro-r]cw~tor~s.  ‘1’hc direction
and mamitudc  are a function of the satellite at[itucic and 0’, the anzle bctwccn  tlm orbit t)lanc and., .
the 13aT~}l-sun  Iinc (J;ig. 1).
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“l”he anomalous force results in a change of the semi-major axis of approximately of 3-10 cn~/day
during yaw steering and 25-30 cn~/day during the fixed yaw periods after the effects of all other
known forces, including drag, arc taken into account. During yaw steering, the anomalous force
produces a positive dcddt during pcriocis of negative ~’ and a negative da/df during periods of
positive /3’, The satellite is held at fixed yaw for a 10 to 15 day period around /l’= O; the yaw
orientation is reversed by 180” at the zero point. T}]csc ~’ =: O points occur at approximately 56
day intervals. The direction of da/dt has been observed to reverse at the yaw flip. Significant
attenuation of the anomalous force during the fixed yaw period can be made by adjusting the
solar array lead or lag angle (subject to satellite power and thermal constraints) to use thermal
radiative and solar pressure forces to best advantage. Drag produces a decay = 5- 15 cm/day,
and hence the anomalous force has the same magnitude of effect upon the orbit as the largest

orbital perturbation.

lhcrc ?Ic both +,X and +-Y body fixed components to the anomalous force. During yaw stm-ing
periods, the +-Y forces predominate. l’hese forces arise from a combination of solar array
deflection (curling) and a thermal imbalance bctwccn  the +-Y and -Y side of the satellite bus. A
three degree deflection of the solar array has been calculatc(l  to cause approximately 1 pN force.
During periods of fixed yaw, the along-track forces originate from the 4 X body-fixed
components. l’lhcse components are due to radiation forces which arise from solar array pitch
biasing, and out,gassing  from the thermal blankets on the X-axis ends of the satellite. The effect
of the anomalous force is dcscribeci  in much gmatcr dctai] clscwhcm. [1 kaucnholz.  1993, Richter
1993].

Periodic orbit adljustmmt  maneuvers are required to maintain the ground track and ensure that all
veriilcation  site over flight requirements am, met. ‘1’hcy must occur on an interference-free basis
with scientific data acquisition and precision orbit (Ictcnnination  (l> O1>). S~Jecific  recluiremcnts
cm be summarized as follows [MSRII 1989]:

1 ) Maintcnancc  of the, operational orbit so that at least 95% of all cquatoria]
crossings at each orbit nocic  am contained within a 2, km longitude band,

2) Maintcnancc  of the operational whit duling the initial verification phases so
that it overflies designated locations at two verification sites within i] km on at
least 95% of the planned over flights.

3) Maintain the eccentricity e <0.001. “1’his  rcquircmcnt is automatically met by
utilization of the frozen orbit, wtlich is not per sc a mission rcquircmemt.

4) Perform the minimum practical tlurnbc.r of orbit maintenance maneuvers during,
the initial  verification phase, with a minimum of 30 days bctwe,cn maneuvers
with 95% probability and whcncvcr  the 81 -day mean 10.7 cm solar flux
satisfies F~Q ~s 225.

5) Orbit rnaintcnancc maneuvers arc to be performed as ncar]y as possible to
transition bctwccn  12,7-orbit ]-cpcat cycles (~-1 rev).

6) ‘1’hc spacing between maneuvers shall bc as large as Possib]e during
observational phase of the mission.

7) Maintenance maneuvers fire to bc pm”forme[i  over lan(i whcrcvcr possible.

In adciition,  maneuvers arc generally schedule(i  to allow time for a backup onc cycle (=1() ciays)
Iatcr without violating the i 1 km contro]  ban(i. ‘Ibis shortens the mean time bctwccn maneuvers.
I;lIIII)CI”IIIOIC,  since the ti~rcc-axis stabiliz,cd spacecraft utilizes nearly continuous sinusoiciai yaw
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steering and solar array pitching for optimal solar-array pointing, maneuver execution entails
performing a complex “turn-burn-turn sequence. ” Consequently, the scheduling of a maneuver is
tightly constrained to prevent any compromise to sritellitc health  and safety. Yaw steering must
be temporarily suspended and the satellite slcwed  to the appropriate attitude to correctly orient
the thrusters for maneuver execution; this yaw slew is subsequently “unwound” after the
maneuver. I’he overall duration of this “turn-burn-turn” maneuver sequence varies depending
upon the initial yaw rate and turn angle. Additional maneuver design requirements are derived
from thermal, power, and satellite attitude control constraints and capabilities. Because of the
constraints upori maneuver design it is preferab]c to extend the time between rnancuvers as far as
possible. Micro-maneuvers are performed by modifying the satellite articulation control strategy
whenever this would extend the maneuver interval without compromising satellite safety
constraints.

GROUND TRACK MAIN’J’ILNANCE  MANltLJVICR  DESIGN

The principal maneuver design program is G“l’ARG,  which utilizes an analytic mean-
clcmcnt  propagator including all perturbations that arc known to cause significant variations in
the satellite ground track [Shapiro & Bhat,  1993]. “1’hcsc  include earth oblateness,  luni-solar
gravity, and drag, as well as the thrust due to impulsive maneuvers. Recursion relations are used
for the Earth gcopotcntial  and luni-solar  gravitational forces. Y.ona] harmonics to J2tI arc
included, A satc]lite  unique drag model is used w}lich incorporates an approximate mean orbital
[Fraucnholz  & Shapiro 1991] Jacchin-Roberts atmosphcrc[Jacchi:i, G“I’I)S] and a variable mean
area (VMA) model [B}lat, Frauenbolz,  & Canncll, 1989]. Targeting strategies will either (a)
maximize the time between maneuvers (longitude [argcting)  or (b) for-cc control band exit to
occur at spccificd intcrva]s  (rime mrgcfing). A mnout mode allows for ground  track propagation
without targeting. Error  models include ullcer(airlties  duc to orbit dcterlnination,  maneuver
execution, and drag unpredictability. Maneuver Av mrtgnituclcs  are targeted to precisely maintain
either the unbiased ground track itself, or a con~formble error envelope about the unbiased
ground track. As will bc discussed below, G“l”ARG  wfis Inodificd  during mission cqxraticms  to
incorporate the effects of a(iditional  anomalous alon~l-track  forces.

Solar flux (F10.7:)  and .geomagnctic  parameter (KP) pI cdictions  arc based on the daily SESC 3-day
and weekly 27-allay outlook. The latest outlooks arc combined with c) bsewcd  data to generate a
merged 27-day data set. Missing data arc dctcrmincd by linear interlmlation. The solar flux is
then extrapolated by repeating the merged data set as required for the prcciictic)n  span. “1’he 81-
(day centered average, ?~l~~ is calculated from the c,xtrapolatcd  values  of FIO. T. ‘J”he geomagnetic
(data  are cxtr:ipolated  at a constarit  value equal to the avcrasc K[j over k ~lrst 27 days.

Earlier analysis [l~ha(,  l;raucnholz,  and Cannc]l,  1989] indicated [I)ii[ density estimation errors
would strongly clominate  the ground track l)rcdiction  at all times cxccp[  during the lowest period----
of solar flux ( F1C,,7 = 70). As such, a simple longitude targeting stmtcgy incorporating the t95%
;anticipatcd  errors (3:1 .96cJ) in all error sources would be satisfactory. 3’his strategy biases the
ltargetcd ground track eastward so that the 9S% cnvclopc  is made just tangent to the western edge
of the control bane] (see Fig. 3, below). ‘1’hc wi(ith of the error cnvclopc  cr~l at any time is
calcu]atecl  as

(1)
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envelope is determirwd by the size of the scale factors ki , which give the contribution of error
source i to the width of the cnvclopc. Ily asswning that the erlor sources can be represented as
normally distribtrtcd  random variables, 1.960  provides a 95% confidence envelope.

Once manetrve:rs  have been successfully talgctcd with G“I’ARG, the maneuver AV is validated
with DPTRAJ.  DMRAJ utilizes a predictor-corrector integrator with automatic step size,  control
[Spier, 1971; DPTRAJ,  1971] and has the capability of incorporating all relevant perturbing
sources including finite maneuvers, Earth oblatcncss, luni-solar gravity, atmospheric drag, solar
radiation pressure, solid earth tides, polar motion, precession, and nutation.

MODI1’’ICATIONS TO GROUND TRACK MAINTItNANCE S“I’RATKGY

GTARG  was modified to incorporate the along-track satellite-fixed fcmcc  via a table look-up
model. The table consists of a list of daily da/dt values. In addition, the error model was
modified. Error sources already incorporated were the uncertainties due to thrust
implementation, drag prediction, and orbit dctcrlnination. An additional term was added to the.,,
summation to model the unccrtalntles  in the prcdlctlon  of the anomalous force, oA2,f100$l..,

Starting from ecluation (12) of [Fraucrrholz  and Shapirw 1991] ~~A1/aa = 3[DCI/2a, where AA is the
ground track, and introducing a boost of Aa once pm orbit for N orbits, then after a time t = NP,

(2.)

“1’hc  errors prcdictcd in this way arc roo~-sum - squarcci  with the. other error sources to prwiuce  the
total en or mocicl  for maneuver targeting (equation (1)).
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Figure  2
Comparison of’ Optimistic and Pessimistic Targeting Strategies for 0MM4.  The 9S % Envelope

incorporating optimistic Boost lhrors  is longitude targytcci.

Naively incorpc)rating  the error Inodc.]  of cq. (2) into longitude targclins  leads  m extremely
conservative maneuver design, as it assumes thal the errors on SUCCCSSIVC  days arc highly
correlated with onc another. If the errors arc tmatc(i as indcpr.]ldcnt  r~indwn  variab]cs,  tllc (iaily
cmors must be. accumulatcxi  in quadra~ul c and cqua[ion  (2) is modil’icxi  as



(3)

where tk = kP, and hence

(4)

When the anomalous force is not constant, the, equations must be expressed iterative] y. 1,et the
propagation Step size be M orbits, and use the notation ~N = crA1,50a, ((N ), where al = O. Define the
auxiliary variables ak, ~k, and ~k where al = y] = O, and let K =-- 30C/2u. Then the error mode] is

PN = +’2(Aw)(M’ - :M+ ;)2
aN+M=~iii2[(i2i2i)aNYMji  iPN]
ap/4 ~ = aN + h41’2(AaN )2

~N+~  = 2~aN  + YN + ~(~- 1)~’2(&~)z

‘IIIcse more conservative errors more clc)scly resemble the observed data. S
narrow the error envelope, larger AV’S are produced by the targeting process,
maneuver targeting process bccomcs more a.q~rcssivc.  An cxamt)lc  is ~ive

nce the rcsu]t  is m
Consequently, the

L in figure 2. “1’he
darkly shaded area shows the II_9S% error e.nv~l~lx  lon~itudc  tarc~tcd  ba~ed UDOII the optimistic
crrc)r  accumulation algorithm of equation (5). l“l;c, sign~ficant]y  l&-gcr crmrs wkich  arc ~cncratcd
using the pessimistic algorithm of cquatioli  (4) arc also shown. ‘1’hc paper will discuss the
changes in the maneuver magnitude and maneuver interval which are accomplished by this more
aggressive targeting strategy.

rMID1.IIMl;NrI’ATI(IN  OF M]crto  MANICLJW;R

q’hc ground track is monitored regularly to ensure that mission requirements arc met and to
provide a minimum 30 day advance notice of any maneuvers. Since the beginning of cycle onc
(through OMM-3),  nearly 70% of all cqutitorial  crossings were wit}~in  i500 meters of the
rcfcrcncc  track. Since the entire control band was not being uti]izcd,  a more aggressive targeting
strategy involving  optimistic  error models was used to target OMM3, which was performed on
March 30, 1993.

Although optimistic error models were incorporated, the maneuver design biased the 9S
pcrccnti]c  western error envc]opc eastward some 100 meters (maximum western extent 900
meters west of the reference track) bccausc  then c was some concern about meeting the
verification site overflight requirement. ‘1’hc initial post-maneuver analysis, utilizing DPTRAJ,
indicated that the nominal track would extend no more than 850 meters west prior to turning
eastward. I.atcr  analyses, during the following weeks, indica[ed that the ground track would
extend ~~rogrcssively furdler westward than predicted before turning around. By the first week in
May, DP”l’RAJ  plcdictcd  that the no!ninal  ground track would leave the control band on June 7
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andrcmain  outside forapproximatcly  30ciays, with a maximum displacenmnt from the western
edge of tbc control band of =180  meters (l~ig 3b).

- 0.88’0.6

Figure  3
(a) Targeted ~ln~ ~l~servccl I’Ost-Ohfhfl~  groutld  track; (b) Situation in early May, 1993,

showing the extra manmvcr  which would }Iavc txwn required; (c) Corresponding predicted
md observed SOIM ntl~.*

l’he changes in the c})arac(cristim of the. ground  tmck  were principal}: duc to large variations in
the solar flL]x ICVCIS  and anomalous force. durin!, ,~])1 i] f]c)ln those ~jrcdlctcd  at Lhc time of OMM-

* ‘1’lIc.  final  pnpcr will :~lso  include. M NIOIN210US I[)rr(’ III !lII\  :III:Iiy\Is



3 rnancuvcr  design. l’he expcctcd  average solar flux lCWC1 was =136  Solar Iilux Units,* whi]c the
observed avcmgc solar flux was =1 18 Units (Fig. 3c) and prcdictcd to dccrcasc  to =102 Units.
Consequently, the actual decay due to atmospheric drag was significandy  lCSS than expected. In
addition, the anomalous force, which varic.s as a function of P’ and the attitucic articulation
strategy, did nc)t behave as expected (Fig. 3d), Although the timing of boost and decay forces
can be predicted with a high degree of accuracy, the magnitude of the force does not repeat
identically for similar ~’ conditions ancl the empirical model must be continuously adjusted
based on observations. Some improvements have been maclc with the implementation of
Richter’s therm~al  model. Thus it was cxpcctcd  that the anomalous force would cause =6 to =12
cn~/day  decay in the semi-major axis during the positive yaw steering phase after OMM-3.
I Iowevcr, the actual decay was =5 to =8 cln/day  during this pc,riod.  The differences in these two
results are too large to bc explained by the change in error models alone; the solar flux behaved
beyond the 959h expectations and the anomalous force did not repeat in the manner  expcctcd.
The semi-major axis did not decay as cxpccmcl and the resulting orbit was actually higher than
the rcfercncc  orbit when it was near the western edge of the control band,

To prevent the ground track from the leaving the control band, two maneuvers would normally
be required (h’ig. 3 b). ‘1’hc firs[ one woul(i bc performed near the western bound{iry and would
turn the gl”ound  trtick around by dccrcasin~ tllc  semi-majol axis. ‘I”he. second maneuver would bc
required six or :se.vcn  cycles Iatm (60 to 70 days), would take piace near tile castcrl~ boun~iary,
and would have the characteristics of a tyl~ic:il  orbit maintenance maneuver, increasing the scn~i-
major axis. Rtitiher than pcrfoml [he aciditiona]  ]narNuvcIs,  an alternative strategy was suggcstcci,
which used the anomalous force to control the groun(i track. ‘1’hc 180” fixed yaw period was to
bc extended beyond the nominal ~‘= - 15“ in orcicr to incrcasc  tile decay pcrio(i sufficiently that
the ground  track woul(i not cross the boundary, in effect implementing a “l~~icrc)-r~~:tr]ctlvcr.”  ~’hc
maximum extension could not go bc.yond [1’= -30° [iuc to satcliitc health  and safety  concerns.

When the decision was rnadc to consider cxlcn(iing  the 180° fixcci yaw period, the satellite was
already in the O“ fixed yaw mode which irnlnediatcly  prc.ccclc~i  it. At that time the anomalous
force was causing =21 cm/day boost, =3 cm/day larger in ma~nitucie  ti~an  expected, further
compounding the problcm. I;or satellite safety concerns, it was too late to change the nominal
yaw flip time, but them was still sufficient time [o ciesign  command scqucnccs  which would
extend the 180’0 fixed yaw. TiIe lengti] of tile cxtcnsIoII  was dctcrminc(i  by performing a
sensitivity analysis witi)  CJ-l’ARG  (I;ig, 4), whi]c lJ1’”1’RA.l  was used to stu(iy the in-ccisc. groun(i

* 1 SliLJ  (Solar  I’lux  Uni[) =.10-22 WIII-2}IZ: 1. V:!iucs []uOtCd rc’iL’J  [() (tl(’ io. ”/ Clll ( ~S()()  \’t]]Z) fll]] S1111 HldiO flUX

nlc.asurcd by ttlc D o m i n i o n  Radio  Aslrol)hysical  ot)srrva[my ill l’c[][ir[t)rl, 11, (.’.. (’:mda.  and p[cdicmi  by lbc
NOAA Space. llnvirormlcnl  Scrviccs  (k.nmr (S1:S(’) iii Rouldcr.  (’[)loI;Kio.
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track behavior under the extension irnplcmcntcci.  Since the force was not well understood and
was behaving differently from expected, the sensitivity analysis included 1 to 5 day extensions of
IIN fixed yaw period with constant decay levels varying from 24 cm/clay to 30 cnl/day  in a step
size of 2 cn~/day. The VMA model was updated to take into account the fixed yaw strategies
being  considclcd, The objective was to keep the 95 pcrcxmtilc wcs(em envelope of the ground
track within the, control band, taking into account the best known models of the solar flux and
the anomalous force at the time. Results showc(i ttlat tile required iength  of extension was
proportional to the decay level . A minimum four day extension was required to keep the 95
pcrccmti]c  west track within the contl-oi  band, assuming a decay lCVC1 of 28 cn~/ciay.  The ground
track prediction with DPTRAJ showed that the norninai  track skirmd the western boundary with
a 4-day extcnsicm with very littie margin for error.

l’hc satellite had already been in the 1800 fixed yaw mode for three days by the time this
analysis was complctcd,  ‘1’hc decay level was in the range of =24 to =26 cn~/day,  significantly
smaiicr in magnitude than the expected level of =28 cn~/day.  Consequcmtly,  the cariicr analysis
was extended to include 5, 6, and 7 day extensions with decay levels in the range of 24 cndday to
28 cn~/day and utilizing updated solar flux pt’e(iictions  and anomalous force models. ‘1’his funher
analysis indicated ti~at the 95 percentile crrvelopc wouid remain within the controi  band at a
decay Ievcl of 24 cn~/day  with a 5-day extension. ‘IIIC correspon(iing  IIPTRAJ results indicated
that four or five day extensions woLI]d not nlakc much (ii ffcrcncc in the ground track behavior.
‘l”he ground track would be held near tl)c western boun(iary  by the luni-solar  gravitational
attraction and tidai forces even thougi]  the orbit wouid decay bciow the refcrcncc orbit due to
atmospheric drag. IIowevcr,  the margin available with 5-day extension to (3’=: -26,5” was slightly
larger than the 4-ciay  extension. l’hus ti]c 5-day extc.nsion was il~~]>lel~~e,s~tcci.

Although it had been cxpccte.d  liutt  the (iecay  I ate due to lhc anomalous force, would  bc constant
throughout the fixed yaw period, the actual decay rate dccreasc(i from =2.6 cn]/(iay to ==21 cn~/day
by the cnd of 180” fixc(i yaw pcrioci.’ ‘1’his change in(iica(cci that the decay rate is aiso a
function c)f fl’, even during the fixed yaw periods. ‘I”he variation of the decay rate was found to
bc ncar]y linear in ~ ,‘ The variation in ~’ lea(is to chnngcs  in the ang]c of incicicncc  of solar
radiation impinging on the solar pane] an(i this causes a variation in the decay rate. ‘1’here  was
concern whcti~cr the, full objective was achieved by the 5-ciay extcnsiorr  bccausc  of the rc(iuccd
ticcay  ra(cs. However, ti~c nominal ground track ciid not cross the western boun(iary  and it
turned eastward aroun(i  JLIIIC  2.(), 1993 (I;ig. 3a). ‘1’hc subsequent orbit maintenance maneuver
(0MM4)  was pcrfomeci  on August 6, 1993 at the boundary between Cycles  32 and 33 (’1’able
1) cxtcn(iing the period bctwccn maneuvers to 130 days. ‘1’wo car]icr maneuvers, which would
have been required at 40 an(i 60 day intervals, rcspectivc]y,  wcm c,liminatc(i.

“1’hc  average decay rate during the fixed yaw period was =23 cn~/ciay. ‘1’hc a(iditional  decay in
semi-major axis ciuc to ti~c extension of 5.4 days was about 1.25 meters. ‘1’hus the, semi-major
axis was reduce(i  by an amount cquiva]cnt to a maneuver with ma~nitudc AV=-().  S8m mnI/scc
without disturbing scicncc data acquisition. “l’he anomalous force was cffcctivc]y  usc(i to
pm-form a “1~~ic140-l~~al~cLlver”  to ensure that the groun(i  track rclnaincd within ~ 1 km control
band. 7’i~c  fixcci yaw periods (=21 cm/clay boost during the fixc(i 0° pc] io(i and ==2.3 to =28
cnl/day decay during tile fixc(i 180° perio(i) arc pal-tic  ular]y useful for implementing “nlicro-
maneuvcrs” if required. The orbital boost maneuver is performed by cxtc,nciing  the 0° fixed
yaw period and the orbital de-boost maneuver is lmrfomltxi by cx(cnding the 180° fixc(i yaw
pcrioci
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CONCI.LJSIONS

Arrcma]ous forces produce a continuous thrust on the orclcr of micro newtons, and constitute the
largest uncertainty to maneuver ctcsign. Maneuver targeting  strategies were rcctcsigncd  in flight
to incorpolatc  the effects of this unexpected perturbation. “I”hcsc ncw targeting stratc.gics  arc
currently being used to design and in~plclncnt  ground track maintenance maneuvers. In May,
1993,  the satellite attitude articulation strittcgy was modified by cxtemicd  the period of fixed yaw
to take advantage of these anomalous forces and prevent (11c ground track from leaving the
control band. l’his stt atcgy cffcctivc] y pmfoI  lncd a “n~icro-maneuver” of approximately 0.58
n~nI/scc  magnitude. As a result, two additional orbit maintenance maneuvers which would have
been required wrnc prcvcntcd.  l;igurc 5 shows the ~,lound  track maintenance since launch.
(Overall  the ground track has been maintained within the control band since reaching the
(operational orbit in Sept. 1992?. Over 97% of the more than 4000 nodal crossings which
occurred during this time have been wit}lin  the :t 1 km rcfercncc  bandwidth, well exceeding
mission rcqtlirements.
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